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ALcOHCurf 5-1000 

WOELD TRADE CENTER 

PIAECTOR 



Miy 15, 1963 



It. Minoru Yaroasaki 
Minoiru Yamasaki 6i Associates 
1025 East Maple Road 
Birmingham, Michigan 

Dear Yaraa : 

At a recent meeting with >lr. John Kyle, Chief Engineer, the 
subject of New York City Code compliance was further amended as follows: 

"All consulting engineers and architects working on tlie World 
Trade Center have been instructed to comply with the Code in preparing 
their designs. Questions have arisen, however, in areas where the Code 
is not explicit. It was agreed that in such cases and, where techno- 
logical advances make portions of the Code obsolete, the consultants 
may propose designs based on acceptable engineering practice. All such 
Instances will be called to the attention of the World Trade Center 
Plan^jing Division. Mien' preliminary designs have been completed, the 
Chief Engineer will review all design concepts wich the appropriate 
muaicipal agencies before the consultants proceed with the final design". 

Sincerely, 








'I 




LFrdb 
cc: Mr. 



Mal'dolm P. Levy 

Chief, Planning Division 



J. Roth (ERS) 



u,ia; 



(2.1) 
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EMERY ROTH & SONS 

QSO THIRD AVENUe. NEW YORK, N, Y 10022 

BlCHARO ROTH, S'.. r A I. A. 
HAHFIT J: HARMAN, A.I. A. 
niCHARD ROTH. Jo, A I A.. R 1 a A. 
JOSEPH H. SOt-OHON, A.I. A. 



C2I21 Tsa-iyaa 

JUHAK ROTH 

A O M ■ >4 in T WAT lO*< 

CSTELLE eCAL 

CQhT«oi.t.en 
PHILIP MARTINCS 



February 18, 1975 



Mr. Malcolm P, Levy 

General Manager 

World Trade Center Operations 

Port Authority New York, New Jersey 

1 World Trade Center 

Kew York, New York 10047 



RB: WORLD TRADE CENTER 



Dear Mali 



In accordance vith the instructions issued by the Port Authority 
at the start of the project, construction drawings for the World 
Trade Center were to conform with requirements of the Building 
Code of New York City, and any variations therefrom were to 
be called to the attention of the Port Authority for final de- 
cision and authorisation. This procedure has been followed 
in production of the contract drawings and, with the ex- 
ceptions authorized by the Port Authority noted below, the 
drawings are in accordance with the new Building Code adop- 
ted in December, 1960- The Duilding Department reviewed 
the tower drawings in 1960 and made six comments concerning 
the plans in relation to the old code. Specific answers 
noting how the drawings conformed to the new code with re- 
gard to these points were submitted to the Port Authority on 
March 21, 1968. 

We were instructed by thn Port Authority to deviate from code 
with respect to the following areas; 

1, Omission of vents from closed shafts. Noted to the Port 
Authority by letter dated April 20, 1967. 

2. Demising partitions to stop at suspended ceiling or bottom 
of truss instead of running from slab to slab. Noted to 
the Port Authority by letters dated November 9, 1967 and 
June 6, 1969 with response on December 12, 1967. Prior 
instruction on procedure from Port Authority dated Janu- 
ary 26, 1966. 



etHlOB associates: victor CORLACH rOtD HAUDCH-OEBNARD KCSSLER, A. (, *.■ PHILIP IINN, A. I. A. 
ABSOCIATtSr DOilCUkS rCBHAWOtI ■ ACH GVAOSTCIfl ■ ^(30C*T S. COkOat BG^ «. A. ■ AftniUn o HfCH^ - JQ«H LCQTIA 
^OStCM mSCHIAVO. J",- JOHN H, KILLER ■ ( At OBLAHOO ■ VlC'On C. SCAVLO, A. I. A. - JOHW J, ICCRtll. J«. 
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-2- ■■ Februiii* 18, 1975 



3. Omission of fire protected openings on exterior walla 

with separation of lesc tlian 30 feet- Noted to Port 
Authority by copy of letter to MYA dated January 26, 
1966. 

4. Treatment of concourse level as "Underground Street" 
noted by letter to the Port Authority on April 6, 
1971, January 11, 1972 and May 7, 1973, 

Fire detection and protection requirements specified for the 
World Trade Center meet or exceed Building Code requirements 
prior to the adoption of Local Law #5. Most other office 
towers in the City of New York meet the minimum code require- 
ments 1 

A. Telephone system for Fire Department use connecting 
pump room and gravity tank room with all floors, A 
six inch gong provided at permanent telephone at pump 
room, first floor and gravity tank room. Telephone jacks 
at all other flooro protected by break glass boxes. 

B. Standpipe signalling device t an eight inch gong lo- 
cated in the pump room and every 10 floors in the 
elevator shaft; an approved closed circuit strap key 
enclosed in a sliect metal box at each telephone station 
for fire department use. 

The Building Code permits the use of louvered doors on toilet 
rooms, janitor and electric closets located in 1 hour rated 
corridors. There is no size limit specified for the louver, 
but the Board of Standards and Appeals permits louvers of 2 
square feet in 3/4 hour rated doors (which are required in 1 
hour rated partitions) . Up until about 1968 most office 
buildings had 1 hour minimum rated enclosures and louvered 
doors in telephone closets and sleeves or small slots through 
the floor. Since 1960, about 2 5 percent still have louvers 
in the doors. In more recent buildings the floor openings 
ha ^E been slabbed over. 

Since corridor construction is required by code to be 1 hour 
rated, it follows that louvered doors were acceptable in tele- 
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phone closeta. Corridor partitions in the Trade Center Towers, 
however, were designed to meGt 2 hour rated construction at 
the request of the Port Authority, to forestall any problems 
with dead end limitations in the new code. It would require 
investigation of individual floor tenant layouts to determine 
if the dead end limitation of 50 feet for 1 hour construction 
has been exceeded - 

The original contract drawings, dated 7/31/67 and the Contract 
Bid Sets dated 12/18/67 and 2/9/68 indicate 2 hour rated en- 
closures for the telephone closets with louvers in a FPSC, 1- 
1/2 hour label door. Tlic hollov/ metal door specification 
written in 1967 and received by the Port Authority on 10/24/67 ^ 
called for fusible linK dampers on louvers in labeled doors, 
Letters to the Port Authority dated 8/23/67 and 9/6/67 in^ 
cated that variances had been obtained for omission of dampers 
and requested instruction regarding this advice. The require- 
ment for dampers was deleted from, the final draft of the 
specification reviewed by the P. A. in May, 1968. Re quire- 
ment to meet provisions of underwriter's labs, U.S.A. and 
Building Department was retained, however, for doors with 
F,P,S.C. and hourly ratings. 

Based on Port Authority comments on drawings received 4/17/59 
and pursuant to a letter from the Port Authority to Tishman 
Construction Company dated 4/20/69 instructing that such 
changes be made, the v;all of the telephone closet was changed 
to 1 hour rated construction on 5/23/69 and the door was 
changed to F,P. with a 1-1/2 hour rating. Since the tele- 
phone closet was no' longer a shaft with a 2 hour rated enclosure, 
all floor openings left for future installation of cables had 
to be firestopped. This admonition was reiterated in a letter 
to the Port Authority dated June 25, 1973. 

Please inform us if any additional information is desired. 

Sincerely, 

EMffiflY ROTH £< SONS 

SEPH H, SOLOMON 

JHSiam 

CGi Hr.R, Monti, Chief Engineer/ PA 
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WORLD THflDE CENTEa 



September 29, 1965 



Mr, Minoru Yaraasaki 
Minoru Yamasaki 6c Associates 
1025 East Maple Road 
Birmingham, Michigan 48011 

Dear Yaina: 

He have decided to adopt the new Building Code presently 
existing in second and third draft form for The World Trade Cencer, 

The Roth office is requested to revise floor plans as 
quickly as possible and on an accelerated basis to comply with 
the provisions of this code. It is tny understanding chat the 
present drawings have been prepared to permit rapid conversion to 
the new code. Generally the tower core should be redesigned to 
eliminate the fire towers and to take advantage of the more lenient 
provisions regarding exit stairs. No other major change to the 
core should be undertaken -Hithout review by this office. 

The structural consultants are instructed, by copy of this 
letter, Co revise structural design in accordance vfith the more 
realistic criteria for partition weight aLlowance. The majority 
of interior partitions, as noted in a previous letter, will consist 
of reinforced gypsum plank. 

The Roth- office Is requested to provide me with the dates 
on which we can expect revised floor plans and also to indicate any 
changes in design schedule caused by these instructions. 



Sincerely, 




cc; R. Baum (JBIJ) , J. Lortng (JRLA>, J. Roth (ERS) , J. Skilllng 
and L. Robertson (WSIU) 



Similar letter sent to Mr, JuJLlan Roth (ERS) 
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-CttftfiAl rvtIlCiS . 2501 HUDSON ROAD . ST. PAlll, MINNtSOU IiMlS - TIL. Ji3-U1D 

IndustrlB) Tape Division 



June 22, 1967 



Or. Peter Chen 

Skllling, Helle, Christiansen & Robertson 

230 Park Avenue 

New York, New York 

Dear Peter: 

Attached are two copies of a report explaining the results 
of our testa on full size danpers. I trust theae will reach you 
in adequate tiae for your study before our neeting next Tuesday, 
June 27, 1967, in St. Paul. 

Very truly yours » 



xC^V->i 



D. B. Caldwell 
Project Engineer 
Acoustic Products 
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I. Introductio n 

Vibrational motion of tall buildings nnel atructure*a can be 
damped out by the employment oT dampers as non-load carrying 
elements in the structure. 

Most of the dampers arc designed so that they convert part 
of the mechanical energy into heat and thus rcduc*^ the 
amplitude of motion. The medium in which this transfer 
of energy takes place is generally either a viscoelastic 
material or liquid* 

In this report we discuss only a particular dniopcr employing 
a viscoelastic material as the damping medium. 

II. Damper Shape and Desired Characteristic 

In general the damper is comprised of two viscoelastic layers 
bonded between three rigid surfaces, planar on at least one 
surface (Figure l>. 

The damper will be placed such that the application of the 
load generates shear deformation in viscoelastic material 
such as shown in Figure 1 . 

Due to specific requirements of the World Trade Center, the 
dampers should meet the following roquiretnents within the 
temperature range 72-7B"F and up to 50% R..H, (sec technical 
specification), 

a. A v erage _Stif f n eas 

The damper should hove a total average stiffness 
uf at least 12,000 lbs. axial load at the specified 
frequency of 0.1 C/sec, and at a dcflectic.i of 0,02". 

b. Average Loss Factor (tan % ) 

The average damping factor or loss tangent should be 
at least 0,6 at O.l C/aec. 

c. Fatigue 

After 100 cycles at 20x10-3 amplitude and 0.1 C/sec, 
C* shall, not decrease by more than 20% when the 
damper temperature has returned to its initial 
value (first cycle). 
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d. Ultimate Mt\oar strrntrth 

The clamper , whpn lonrlfft 1 1\ KJicitr slu>iil<l bt> nble to 
vlthstanrt is.OflO Ibn. of Vniiil - this includrR both 
static pIuR dynamic lead . 

e^ Static and dyniimic dcfortnutlon 

Maximum omplltiide of vibration i.e. viscoelastic shear 
deformation will be arouud 20x10--* inches dynamic and 
30x10-3 inches static. 

In order to fullfill the above mentioned reqtu'rements a visco- 
elastic material with the proper dimension was selected. Figure 1 
shows the actual damper with all the dimensions. 

Ill , Test Objective and Procedure 

a.i Test objective 

For the purpose of establishing the et-'Cectiveness and 
the efficiency of dampers the follnwini^ properties were 
selected for evaluation. 

1. G", loss shear modulus as a function of temperature 
(T) and fatigue cycle <N>. 

2. Wj^ and Wj^qq and W^, work done in the first and one 

hundreth cycles and total work done in 100 cycles 
respectively, 

3. Temperature rise accompanying fatigue ClOO's and 
lOOO cywlest 

U, Loss tangent as a function T and N. 

5. G' and G* storage and complex shear modulus as a 
function of T and N. 

6, Total heat production in viscoelastic material. 
7c Ultimate shear strength, 

b. Test procedure 

liienty-two full size dampers were prepared for testing. 
For the purpose of monitoring the temperature of visco- 
elastic material In the daiiiper a thermocouple was imbedded 
in the center of viscoelastic part as shown in Figure 2. 
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Tho Hh<»nr (ScformHtirm wn» *5olrt-tc<l I'V ;>n l.A'.D.T. 
which WAS nt:tor'i<»<1 in 1 ho dnmpcr in «»ich n wny that 
thp coll of the T^.V.D.T. wns ri^tirily faatcofd to the 
stationary part of th«> dnmpcr wi>iU' the rorr was 
clamped to the moving part of the duiriptT, when 
cyclic load woe applied, as shown (n Figure 2, 

Tests were carried out at two different locations 
and on two similar closed loop-feed hack machines. 
Four 'ompcrs were tested ot M.T.S. Cnrporotion in 
Minneapolis and IS sAmplcs were evaluated at 
Materials Research Laboratory Inc. tn Chicago, 

The testing environment, as far as Mcmpcrature and 
humidity control is concerned, was not ideal. 

In general the following test procedures were followed 
at both laboratories. 

The damper was rigidly mounted, between the machine 
ram and the load cell and the L.V.D.T. was connected 
through ram control panel to the X axis of an X-Y 
chart recorder. Tlie output of the load cell was made 
to drive the y axis of the chart. By the use of 
micrometer head C Figure 2) the L.V.D.T. was calibrated 
so that one inch of chart in the X axis represented 
. OOd inches of shear deformation. Load cell was also 
calibrated electronically such that one inch of chart 
was equivalent to ^4000 pounds in the case of WTS 
machine and 5000 pounds for MRL machine. 

Temperatures were recorded by the use of two TC's 
and a two chAnnel recorder in which on*- oliunuel 
recorded viscoelastic temperature and the other 
monitored the environment temperature. An ice bath 
was used as a temperature reference point. 

The machines were set on strain control. Signal from 
L.V.D.T. was compared to » preas signed signal from 
function generator which was set on sine function with 
2QxlO~3 inch maximum amplitude and .1 G/sec frequency. 

Re fore the start of test run the recorder was calibrated 
and the output of both IC I and TC 2 were recorded. 
Tests were 'ronducted on each damper for 1 to 100 
cycles and in one special case a 1000 cycle test was 
performed. After a 100 cycle test the damper was left 
to cool down and tested at the initial (first cycle) 
tem^ erature. 
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IV, Analysis of Tis l Jii'-tiiLt^s 

The resnllp obLiii nod Irom the.';*' ti-Mw witc in Iht' fonn of 
hystfrpKiK loops (M,l .1 - forrr vn , di «i.l iimiM-nt ns shown in 
Fij'U'"f 3. Assiimini; th.it the linrju* vi storl iiHt if theory is 
anpLicablp lo fhfs '*nnp , 1 1tP rr Irt {".mk!' j pf; bt^tw.-t-n d vriufri 1 1> 
(iroptTtips of fl;impcr for t:hf rnno of ronlroMi-tl alnusoldal 
dispLncement' of the form 

are as follows ; 

cr = cr^y Sin (ut + S > 2 
G" = er-o Sin g 3 







r„ 






R' 


^ 




Coa 


s 


D 


s 


tan 


s = 


G"/G ' 


R* 


= 


<G'2 + r, 


»2)l/2 


Wl 


- 


n G- ^2 


V 



where; 



5 
6 
7 



-^ = dicplacrment fin.) 

^ = maximum displacemont Cin. > 

W = angular velocity (rnd/sec > 

t = time (seel 

O" = shear stress (psi) 

Oo = maxinium shear stress (psi) 

= X/T = shear strain (in./in. > T = thickness of 

v.e, mnterial (in.) 

>r ~ Jl/T = mnximiim shear sfrnin (in. /in."* 
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H', G" jind f'.* = i'trnyc, 1 'jk;; jimt complex Rhonr 
tutu Sill lis (pH i ) 

D = tunS ~ loBB innj^t-ntr 

Wj^ = diKBipjitt;!^ <*fit>rny in one cyrlc (in-lb. ) 

V = 2A.vT = rot.nl volump nl" v,e. mnlprial Cin^) 

Ay, ~ viscotlaHtic shear area (in ) 

The areas of H.L.'s were mcnsurcrt hy a plnnimeter and the dlssipetcd 
energy in one cycle, W^ was calculatod an followa: 



where 



Ap = area of rhc H.L. (In^) 

Ci = force Bcale factor C lbs/in ) 

C2 = displacement scale factor (in/in> 

knowing the total volume of viacoelastic material V and also the 
maximum strain ^^ the value of G" can be readily calculated from 
Equation 7 t.e, 

G" = W^/Tf ir^ V 

By substituting G" in Equation 3 Sin £ and consequently tang ia 
calculated i.e. 

also from Equations 5 and 6 we obtain G' and G*, 

Ultimate shear strength were measured on o 60,000 lbs. capacity 
universal testing machine, and during testing load-deflection 
was recorded. 

Calculations were also made in regard to heat gemmation and 
subsequent storage and dissipation of heat. Total heat generated 
was obtained by assnminR n linear relationship between dissipated 
energy W and the number oT fatigue cycles, N, 

From this linear relationship the total energy dissipated in 100 
cycles will be 

W,. ^ 1 = ^^ "^ ^^'^^ X 100 ft-lb 
"total 214 
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and the hrnr p.rn<T«tcrt Q^ ' " 

The tctal hent no'i^'rated ()^ can be- fiividrd in\n two parts, 
1) heat stored in thp viKrocliiHt i(- niai<Tiol, y» and 2) heat 
dissipated throuRh cond'u: tion , convection oml radiation to 
other parts of the ayatem, p^j !.«, 

Ot = Qb * Qd 9 

Since we measured the tempera tiiro rise ami also know the physical 
properties such as density and spcrLflc heat of tht* viscoelastic 
material, pg can readily he calculated. T}\e following formulas 
were used in this analysiN. 

<?t - Qs = <?d 

Tables 1 to U reprenent the numerical results and F-J gures ** to 7 
represent the graphical presentation of these results, 

V. Conclusion 

Although the number of test runs on full size damperf: are 
insufficient for a precise statistical analysis, nevertheless 
the following conclusions can be drawn from the results, 

G" and consequently energy dissipation per cycle W are inversly 
proportional to temperature. Tlip relationship seems to be ap- 
proximately linear. The relationship of temperattire rise to 
fatigue cycle is also, for the first one hundred cycles, ap- 
proximately linear, but due to t>ie fact that most of the 
generated heat is dissipated to the environment, it seems 
that after UOO cycle (see results on 1000 cycle test) a 
steady state is approached. It is therefore safe to assume 
rhat G" or W per cyrle remain rpJotively constant afterwards. 

The effect of temperature on loss tanj^ent in this range C70-B2°F) 
seems to be negligible although a slight increase in loss tangent 
with temperature is noticoble (Figure 6>. 

It should be observed that the temperature in the v.c. material 
was T.ca5iired in a transient state and the actual temperature 
in the v.e» material woe po5f?ibly slightly higher than those 
shown, but the difference cannot be more than 1.0° or at most 
I.50F, 
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VorXd Trade Center Vlscoelastic Daaplog Ualta 



Proposed by 

Seephen H. Crandall 
Kay 20. 1968 
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2 
1. Test Sanplas 

Fifty- two BAttpIe damping units shall be fubricated ond delivered to 
the Aeoustlea and Vibration Laboratory » Roon 3-024, H.I.T. These units 
shall be identical to those vhleh are to be supplied for installation 
In the Vorld Trade Center towera under Controcts WTC-219.00 and WrC-224.00, 
except that each test sample shall have one themocouple embedded In the 
viscoelastlc matorial. The Chennoeouple apeel£ lest Ions shall be delivered 
to Professor Crandall. 

Tha test sanplcs shall be nunbered accordinft to a random pattern and 
ten of the units shall be aent to the Tort of New York Authority for 
storage and subsequent tea ting for aging effects. 

i. Test Objectives 

The major portion of the teat shall be devoted to dctenninlng the 
statlBtlcal dlstrlbutloa of the following basic mechanical properties 
of Che damping units: 

Loss factor for steady cycling at 0.1 llz. 

Dynamic Stiffness for steady cycling at 0.1 H£. 

Ultimate load when deformed at the rate of 0.5 in. per mln. 

Ultlnate dleplaccment when deformed at the rate of 0.5 In.- per nln. 
Thirty samples shall be tested to determine these propcrtlCfi. Before 
beginning these tests four samples shall be cycled for 10^000 cycles (If 
falluro does not occur earlier) to determine the possibility of fatigue 
failures for tho dampera. If fatigue failures do occur in these four 
samples. It vlll be proposed that aono of the thirty samples for tha basic 
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staciscical test* lie used to obtain additional fntlsue Infonnatlon (after 
loss factor and dynamic aclf fneas neasurcnenta have been made) . Thcae 
aemplea will not then be available for the ultinat'^ lood tcot under de- 
fomatlon at the rate of 0.5 in. per uln. The decision as to hov many 
sasplea to divert to fatigue teatl&g in thia taanncr shall be made by 
Professor CrondaXl In consultation with all interested parties. 

In addition to the faclgue teat and the basic test for ctatlBtical 
distribution, supplementary tests shall be ntde on the rents In log eight 
samples to obtain additional engineering information concerning the behavior 
of the damping units. These supplementary tests are designed to elicit 
Inforok&CloQ on hew the energy abserbtloa o£ a dsiitper Is effected by: 
(1) Preload on thm <i«™psr. 
(11) Preliminary high frequency cyr.llng. 

3. Tbbc Faolllcias 

All cycling tests shall be performed on a special test frame in which 
one or two damping unite can be cyclically deformed as the structure is 
shcarod by a nocor-drivon eccentric. The test frame shall simulate the 
average local elsstlclcy of the damplng-unlt connectors in the World 
Trade Center towara. The amplitude of tha test-frame deformation shall 
be controlled by the siza of the eccentric. The amplitude of the damping 
unit deformation depends on the dynotnle stiffness of the damping unit 
and will vary from clcfflcnc to element and will vary with temperature for 
any one element. Damping unit teat amplitudes shall be specified In 
terms of an equivalent amplitude meaaured on a steel dvnomy unit whose 



148 NIST NCSTAR 1-lA, WTC Investigation 



Supporting Documents for Chapter 3 



4 

stiffness Is 650,000 pounds psT Inch. The frequency ot Die cycling shAll 
be concrolXed by the cholcs of sprockets In the clmtn 'trlvr it<rtwccn the 

notor-drtvun reducer and the eccsncrle drlve-shn£c. I'lM-r-.na in the dsmp- 

Ing units slvsll be tacasured by atraln-gage load cells nnd deformations 

of the units shall be messured by L.V.O.T.^s. Force-^inplacetaent curves 
shall be recorded on an on~*llna X-Y plotter. The special teat structure 
shall be dlsossemblod at the coitclualon of the tests and sent to the New 
York Port Authority for atorage. 

The ultlnato load casta shall be parformed on a nonually operated 
hydraulic testing aachlna with a capacity of 100,000 pounds. The inni-tw- 
sssr^tlnn «hall be the sane as in the cycling tests. The operator shall 
endeavor to stain tain the rate of defortoatien at a nearly uniform rata 
as close aa possible to 0.5 In. per sin. The actual rate of defomatlon 
shall be recorded. 

A. Spoeificationa for Fatigue lasts 

Theae tests on four units chosen at random shall be performed prior 
to the basic statistical cesCs described in Section 5 belou. 

(a) The cycling rote shall remain within ± 2Z of a fixed value lying 
within the range from 0.06 to 0.11 Kx (4.6 to 6.6 cycles per minute). 

(b) The mean load on the damping unit during a cycle shall be zero. 

(c) The cyclic amplitude of the test-frame displacement shall remain 
within 1 2Z of a fixed value lying within the following Tonges. 

<!} Two damping units shall be tested with equivalent 
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Amplitude* la • r«&([e from 0.018 to 0.022 inches. 
(li) Two daaplag units shall bo tested vith aqulvalent 

Amplitudes In the rsnge from 0.027 to 0.033 Inches. 

(d) Tha ambient tcapSTAture sod humidity sod the tompcraturs of 
the vlscoelostic tnaterlal shall be recorded at hourly Intervals during 
the fatigue costs. 

(a) Fore e^displn cement curvee for each specincn shall be recorded 
by an on-line X-Y plotter at hourly Intervalo during the fatigue tests. 
Clocktlma and cycle numiber shall be noted. 

(f) If St the end of 10,000 cycles a unit has not obviously failed 
and Its forco-dla placement curve has not altered dramatically the cycling 
shall be stopped and the unit shall bo removed from the cvclins test 
atrueture «nd placed in the ultlnato-load test machine. There It shall 
be subjected Co an approximately ualforo rate of defotnatlon as nasr 
to 0.5 in. per Bin. as possible. Force and dieplscement shall be re- 
corded until failure occurs. 

If all four units survive 10,000 cycles and if their subsequent ul- 
timate leads are each greater than 35,000 pounds it shall be concluded 
that fatigue is not a serious hazard and no further considerations shall 
he given to fatigue In this test program. 

If, however, one or toore of the four units foil to meet the above 
requirements. It shall he neccaeary to consider vrry carefully whether 
additional fatigue testing should be carried out. i^iich additional 
fatigue tests would be carried out (on rhiiHpm ""wri*-™ t^'*^ the 30 basic 
statistical test-samples) la llau ut the ultloiatc-load test. 
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5. Specif icatioDB for B««le ScacistlCAl Tcec* 

Thcae cast* shall be parfarmed on chirty apcclsicnii. To determine 
dynanlc properties of the danplng unlta under uniform cyclin;; each eample 
shftll by cyclad for 100 cycles at a uniform rate. The sample shall thcD 
be allowed to cool down to its initial temperature before going through 
two additional cycles. Force-d is placement curves and tetapcrature data shall 
bo recorded aa dcsczlbed below. After the cycling teat each sample shall 
be deformed to failure in aa ultimate-load test (If additional fatigue 
testing is decided upon, some fraction of the eaaples ahall be given 

C*bl]{ua LankB Jtu llvu \il m1C1ws» 1w» SCSts) . 

The following spceiticatlons apply to the testa for dynamic properties 
under ualfom cycling. 

<a> The cycling rata shall remain within t 2X of a iliccd volue lying 
with the range from 0.08 Co 0.11 HZ (4.6 to 6.6 cycles per ninute). 

(b) The moan load on the damp:tog unit during a cycle shall be sero. 
(e) The- cyclic amplitude of the ceBt-frame dlsplacencnc shall remAin 
within 1 22 of a fixed value lying within the following rangca. 

<i) Twenty units shall be tested with equivalent amplitudes 
In the range from 0.018 to 0.022 Inches. 
(li> Ten unite ahall be tested with equivalent omplitudea 
in the range from 0.027 to 0.033 Inches, 
(d) The (uablcnt tcmpotature and humidity and the temperature of the 
viscoelasclc material shall be recorded for the l'', 10***» 2o'*^, So'**, 
100 and 101^ cycles for each specimen. 

(o) Foree-displaceaeat curves shall be recorded by an on-luie 
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X-Y plotter for the l"*^. 2"^, 10*^**, 20'**, 5o"' mid 100*^'* cycl«« for eaCh 
epocimcn. At the end of tha 100 cycle, the dcfomntlon rtliAll be augpcnded 
until the vlBcoaleotle oeterlal retumt to Ite Inltjnl Lt-T^pntAturc, plus 
or nlQus 0.2 F. The tine required to rcesteblleh the initial thcmal 
condition shell be recorded. Then cycllns ahall be reaunted for an eddl- 
clonel two cycles. Porce-dlaplaeeoenC curve* fox cyclea 101 and 102 
ehall bo recorded. 

The following apeclflcaclona apply to the ultimate-load test. 

<f) The damping unltfl ahall be transferred from the cyclie-tcst 
fremo to a 100,000 pound hydraulic tost machine, llalf of the units ohalX 
be tested m tODSloo end half In eompreaalon . 

Cb) Ambient ti»nin«r«t«ir- asi h'.5sid±*y szd ths tsSfSTJtturB »* tJi* 
vlacoolaetlc material ahall be recorded at the beBlnnlng of oACh ultlnatft- - 
load taat. 

(h) The testing machine shall be manually controlled to provide a 
nearly uniform rate of dofomatlon as noar as posalble to 0.5 inches per 
minute. 

Cl> FoTCe-dlsplacement curves to failure shall be recorded on an 
on-line X-Y plotter. The tiae history of dloplacement shall also be 
obcalnad. 

Cj) Failure aodee shall be noted end photographed where Informative. 

6. Supplementary Tests 

Four epcclnens shall be teated to investigate the effect of preload 
on the energy absorbtlon of the dsaplng units. These tests ahall be 
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BlAilar to tho eycltsg portion of che basic test vith the exception th«t 
Instead of cycling about a B«ait lo«d of eero the cycllnft nhnll tak« 
place around non-xero tenalle and eooprcBaive loada. 

The ep^elficatlona for tho pralo^ teat are given balov. 

(a) The cycling rata ah*!! remain within ± 22 of a fixed value lying 
with the range from O.OB to O.U Hx (4.& to fi.6 cycles per nlnutc). 

(b) The damping unit* ahall be Inaerted Into the test frame in such 
A manner that the mcao defomatlon of the elcoent during the cycle takes 
on the following valuse> 

(1) One unit aholl be tested vith a cyclic nean equivalent 
elongation in the range between 0.009 and 0.011 Inchea. 
fii) Ctia uiili ahall be tested with a cyclic nean equivalent 
eloQgatioa In the range between 0.018 and 0.022 inches* 
(ill) One ualt ahall be tested with a cyclic nesn equivalent 
compreasioa in the range between 0.009 and 0.011 inches, 
(iv) One unit shall be tested with a cyclic nean equivalent 
compression In the range between 0.016 and 0.022 Inchea. 

(c) The cyclic amplitude of the teat frame shall remain within ± 2X 
of a fixed value which shall produce on equivalent amplitude within the 
range from O.OIS to 0.022 inches. 

(d> The ambient temperature and humidity and the temperature of the 
viacoalastic material shall be recorded for the 1*', lO^**, 20*^, 5o'**, 
100^ and 101^^ cycles for each specimen. 

(e) ForcQ-dlsploccment curvea shall be recorded by an on-line X->Y 
plotter for the l"', 2°^, lo"*. 20'**, 50^**, and 100^** cycles for each 
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specimen. At th« end of th« lOO cycle, the defomncloit hIi/iII be suspended 
until the viacoelasclc iaAterl«l returns to ics loltlal i:r)n;tf>r')ture. plus 
ox minus 0.2 F. The time required to reeatobllBh the ItUtlnl thcmsl coa- 
dltlon shall be recorded. Then cycling shall be resumed for nu addlclonsl 
Cwo cycles. Forcs-dlsplscemenc curves foi cycles 101 and 102 shall be 
recorded . 

Four Bpcclness shsll be tested to Invettlfiste the effect of higher 
frequency cycling on the energy sbaorbtloa of the damping units. Each 
speclnen shall by cycled for ten cycles at the standard amplitude and 
frequency. Then the frequency shall be InercsBod and the amplitude de- 
creased (or left unehangod) and the uoIlb cycled for 100 cycles before 
retumiag to the ttondard amplitude and frequeney. Forcc-dlsplaeemcnt curves 
shall bo recorded before «nd after the high frequency cycling as described 
below. 

Specifications for the high-frequency test are given below. 

(f) All four apeelmens shall be cycled for ten cycles at s fixed 
frequency between 0.08 and 0,11 Hx with on equivalent amplitude between 
0.018 and 0.022 Inches. 

(g) Ambient temperature and humidity and the teaperoture of the vlaca- 
clastie msccrlal shall be recorded for the 1^ and 10 cycles. 

(h) Force-displacement curves shall be recorded on an on-line X-X 
plotter for the 1*^ and 10 cydea. 

<i> For two samples the equivalent anplitude. shall be decreased to 
a fixed value within the range from 0.009 to O.OIl Inches and the cycling 
frequency shall be Increased CO 
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(1) A valufi bttCwcui 0,23 aod 0.27 Ite for cm« nnmple. 
(11) A valu* baCwean 0.46 and 0.54 liz for on« nnmpli^. 
For the other tuo samplea the aqulvaleot amplitude slmll hv i^nintnlncd 
vlchia Che rans^ 0.016 to 0.022 inches and the cycling frequency shall 
be laer««aed Co 

(lU) A value between 0.23 and '0.27 Ux for one a ample. 
(iv) A valua betweaa 0.46 and 0.54 lis fox one aonple. 
The apecifficoa ahall be cycled for 100 cydea at the higher frequencies 
Iscllcated. 

Cj) AmblCQC temperature aad humidity and the temperature of the vlaeo- 
wAAabAK wakB&iAA anaxx oe recoraeo at the 1~'» 1U~", 20 , 50 aod 100 
hl£h-frequency cycle*. 

(k) Force-dUplacemanc curves ahaU be recorded for the l'^. 50^^. aad 
100*"' hlgh-froqucaey cydea* 

(1) The freiiueQcy and equivalent amplitude for each specimen ahall 
new be returned to the ,valuea established in (f) above. The time elapsed 
while making this change ahall be noted. The •pecimeiu shall then be 
cycled for ten cycles as in (f } . The meaauremeats In (g> and (h) ahall 
be repeated. 

7. Keport of Test Results 

The dynamic characteristics of the vlscoelaBtic demping units as 
determined by these testa ahall be reported as follows. For each of the 
parameters listed below a atatiscical distribution diagram shall be given 
along with values for the tBean and standard deviation. 
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(a) For Che first mni oaa hundred oad £irat cycles of ateady cydisg 
ac noain«l frequancy of 0,1 Hs and nonlnal e<)uivaIeDC amplicude of 0.02 
Inches (and 0.03 inches) th« following paraaetera. 

(1) Dynamic sclffoaaa 
(11) Loss tangent 
(111) Energy dlDslpated 

(b) For ultlnate teatlng *t a nominal rate of dlaplBccacnt of 0.5 
Inches per minute tenelOD and eonpresslon) after previously enduring 102 
cycles at nominal frequency of 0.1 Ht and nominal equivalent amplitude of 
0.02 inches Cuia u.Qi inch**) C»» £sllct;i=s nara»*ttor> • 

(1) Ultimate strength in pounds 
(li) Ultimate deformation In inches 

The results cf ths £±tl£'J* InwAKtisation shall be naacrlbcd. Either 
the •blllty of these units to endure repeated loadinft shell be verified 
or an S-N Cypo disgran shall be given. 

The results of the preload investigation shall be described. The 
energy absorbtion capabilities of a preloaded damping unit shell be graphl" 
cally coeqiarGd with that of a unit without preload. The results of the 
high-frequency cycling test shall be described. The energy absorbtion of 
a damping unit before and after high-frequency cycling shall be graphically 
compared. 

An analysis shall be made of the effects of ambient temperature and 
element tcmpeiature oa Che dynsmic characteristlss of the damping units. 
Graphs shell be plotted of actual element dlsplaecnent^ cyclic energy loss 
and loss tangent aa a functlOQ of element cemporature. 
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lA addition tQ glvtng dynanlc characteristics for the dnnptng unita 
acparacely a diacuaalon ahall ba given of the cyclic teat frane and lea 
IntcTAetlon vlth the danplng units, like force and dlaplacenaot of the 
eccentric driver shall he recorded for certain cAaea ao thet tha total 
energy Input to the frame can be compared vlth tha loaa In the damping 
unite . 

AIa original X-Y plota. ttith nacessary idenClflcatlon ahall be 
Included in the report. 
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Test of Vi scoelastic: linrnpin^ iJni.ts 
for World Tradu Center Tower BuildinKS 



by S. H. Crandall 
h. K. Wtttlg 



Summary 

Tests have biien performed on 39 samples of the vlscoelastic 
damping units proposed by 3-M for the World trade Center Towers to 
detemiine the distribution of their mechanical properties and to 
ascertain their effectiveness under a range of off-design operating 
conditions. It was found that although there is considerable varia- 
bility of properties from unit to unit in a batch and from one batch 
to another, the energy absorbing capabilities of the elements are 
generally adequate to provide the expected damping under design con- 
ditions and that the elt;mer.ts do perform satisfactorily under limited 
variations of: loading conditions; speed of oscillation; duration of 
oscillation and ambient temperature. 
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1, Introiiutt ion 

In order co uontroJ tht; tendency of the; World Irade Ctucer Towers 
to sway under the action of high winds it is planned to increase the 
inherent structural damping of the buildings by attacliing viscoelastic 
damping elements at the major structural joints connecting floors and 
columns. The damping elements are bolted between the columns and the lower 
members of the floor trusses In such a way that the elements are forced 
to elongate (or shorten) whenever the "biiildings sway. These damping 
elements have been designed by Skillinp'.Helle, Christiansen and Robertson 
(SHCR) and fabricated by Minnesota Mining and Manufacturing Coir.pany (3-M) , 
See Reference [1] for background information and the results of tests by 
3-M on 22 prototype units. The present series of tests has been conducted 
to supplement and to serve as an independent check on these earlier tests. 

Twenty units were tested according to a basic or standard test 
which closely paralleled the earlier 3-M tests. The standard test consists 
of two parts: a cycling test and an ultimate test. In the cycling test 
an element's elongation and force is monitored for 100 cycles as it undergoes 
simple harmonic motion at the design amplitude and frequency. From these 
measurements it is possible to evaluate the following important mechanical 
parameters for the elements: the dynamic stiffness k (kips/inch), the 
energy dissipated per cycle W( inch- lbs) and thtr loss tangent, tan <li, and to 
ooaerve how these parameters chansjc" during a period of steady cycling which 
lasts for 100 cycles (16.7 minuter for the design frequency of 0,1 Hz). In 
the ultimate test the element is stretched (or compressed) at the steady 
rate oE 0.5 Inches per minute until failure occurs. The elongation and 
force history are monitored and the ultimate values of each are recorded. 
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In avitilclon to the i;tandard test, 19 addlttonal tests vt^re per- 
formed to Investigate the endurance capabilities of the elements and 
to investigate their operation under conditions different from the tle^ign 
conditions prescribed in the standard tests. The conditions tested 
included variations in amplitude and frequency, variations In ambient 
temperature and the effect-of -superposing a static preload on the 
simple harmonic loading eii^ployed in Che standard cycling test. 

The principal differences between the standard cycling tests of 
this report and those cf reference Jl] arise from the differences in 
test facilities. Tlie tests of Reference {1] were performed in a 
servo-controlled testing machine which maintained a fixed (single) ampli- 
tude of 0.020 Inches throughout the test. The tests described herein 
were performed in a specially built test frame (see Fig, 1) which was 
Intended to slmilate the structural environment which the elements will 
see when they are fastened in place in the World Trade Center Towers. 
During the test the irame is periodically sheared by a motor driven 
eccentric (see Fig. 2). The amplitude of the frame shear Is controlled 
by the "throw" of the eccentric. The damping element under test (see Fig. 3) 
is forced to expand and contract as the frame is sheared. The element 
elongation amplitude depends on the relative stiffness of the frame and of 
the cliement itself. The precise relation is somewhat complicated and is 
developed In Appendix A. It is sufficient here to realize that for the 
same fraire shear (same sized eccentric) the element elongation atrplitude 
for a soft element will be i^reater than for a stiff element. 

In order to describe the frame shear in a meaningful way the elonga- 
tion amplitude of an aluminum alloy "dummy" element (see Fig. 4) with a 
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stiffnefs oi; 600 kips/ inch was [r<?a;;urfc<l and c c c([LiU'al.ent ampH - 

tude . DurJnp tlif actual tei.tK the ciong^cir-ii anpJituOf foi the vIh co- 
elastic elements were grcatt-r or less than the equivalent amplttutie 
depending on the stiffness of the element under test. Three different 
sized ecccntrlL.;, were crr.-loy-fJ. The standard tests were performed using 
an eccentric which produced an equivaltnt amplitude of CJ.019 inches. The 
cthtr eccentric-; ,>r.>duce equivalent amplitudes of O.CIO Inches and 0.023 
inches. The freqi'eticy of cycling during Che standard tests was approxi- 
mately 0.1 Hz (actually 0,0989 Hz). Thif corresponds tc a period of 10 
seconds pp.r cvcle (actually 10.11 seconds per cycle). Other tests were 
also run at two and r lial i times this frequency, and at five times this 
frequency . 

II, Description of Tests 
A. Test Frame 

All cyclic tests were performed on a special test frame 

(see Fig. 1). This special frarre t,as constructed for these tests because 

it was felt that the damping units should be tested in a structural 
environment sinilar to that in which the dampers will be installed in the 
World Trade Center Towers. The test frame allows the deiuplng units to 
deform more naturally than they would deform if tested in a standard test- 

inKff.achlne. For example, the damping units tend tt rotate somewhat when 
they 3re elongated in either the test frame or In their building environment. 
A standard testing machine, however, would not allow such rotational moticn. 
The test frame also permitted us to check the tffect of small misaliftn- 
merts in the installation of the darrper=. 

The 1:est framr is ^oeme trie ally quite similar to the truss-outer 
wall portion of the buildings. Datrping units are held in the test frame 
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with 1-inch diaii;et(:r A^90 holts in ■^inije slic.Tr r i; i-iu \ir(l ami witii 

7/y inch di.-ill:(.-tV;r /\'iZj ln'iUS in t'.iVj.lt alic.t on li.'. Otfu-t Cuii, (Ultts- 

pondlng to their installation in tl^t: bi'i ldins;s . A ITGO tt-lb. impact 
wrench vas used to tighten tbe bglts (see Fig. 5) accocdlng to turn-of- 
the-tiut reguli.tioiit [2\. Tht aflin rcquii emetit of tlicsc rtigu In Clone is 
that after the nut has been brought up tight with a hand v.Trcnch the power 
wriMich Is apt-'li^P-' t-,. turn tbe nut ff;rciie.h an addltirn^I 180° . New bolts 
were used for each test and shim material was usee when needed for proper 
alignit.ent. 

When testing trfj dairpirg units, the whole test frame was defcrined 
sinusoldally by a motor driven eccentric (see tig. 2), The equivalent 
amplitude referred to in the various tests is the elongation amplitude 
thst a lossless elastic ir.erber with a stiffness of 6OC,00C lbs, /in. would 
experience if it were to be bolted into tht test frait.e instead of a 
danping unit (a more cctpplete disccsfion of the stiffness of the test 
frarr.e enc. its affect en the elongation amplitude of a damping unit is giver 
in Appendix A) . 

The test fratre was located in a tetr.peraturfc controlled room. Ihe 
temperature and hunddlty were recorded during all tests. For all tests, 
excepc when specially noted, the temperature has held at 75° F + 3°F. 

B. Standard CyeJing Tests 

The itiost common tert that Vsr perfcrmec is referred to ae 
the standard statistical test. This test was carried out on the test 
frame de.scribed above. The equivalent an-plitude dutirg this test was 
19 mils (one mil equals O.GOl inches); the period per cycle was 10.11 seconds. 
The standard test was intended to be somewhat similar to tests performed 
by 3M Company so that our re^-ults coiil.d be compared to their results. 
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Dtuirs a standard te.sL the dan-.pin>^ units wtire cycled IGC timee. 
and dam wa>; t^kci ci. tlM- 1st, 2nd, lOth, 20tl,, 50tl. art; lOOth cycloK. 
Thf; units were then a 1 loved to re] ax for 20 ininutes and n^ore cata waf; 
taken on the 101st and 102nd cytJes. 

DaiTiper exter.sifns and contractions were measured with an LVDT 
(linear variable differential transformer).. The LVDT v<as mounted as 
shown in lig. 3 so that the total mot j en between the two ends of the 
dair.per v-as ir.e.isured along tbe central axis. It should be noted that in 
this respect thesfc tests differ from those of 3-M where only the 
relative r>otlcn between two iutcrnal point? within the dasnper was 
measured. The axial force appljcd to tho iJan per was measured with a 
strain gage dynamometer located in tl.c angles thei: connect the dampers 
to the truss. The ten.peiature of the viscoelastic layer was monitored 
by a thermocouple err.bedded in the viscoelastic material. The LVDT and 
the force ga^e were, calibrated Icr each test. 

Out[.uts frrn' the I.VDT and the force gage were fed into the saire 
x-y recorder shown on the left of Fig, 6, Because of the viscoelastic 
behavior of the damper there i? a phase shift between the force signal 
and the elongation signal. The phase shift causes the f oree-elcngatlon 
plot to form a closed hysteresis loop during each cycle of osclJlation. 
The area of the loop is directly proportional to the energy dissipated 
during the cycle. The lost- factor and the dynamic stiffness of the 
damper can also be deter ri;ined from this plot. The output frcnr the thermo- 
couple was fed into a second x-y recc-rder shown Ir the right In Fig. 6 
and i>lotted as a function of tire. 

During one test the rotations J, tnoticr. of the damper and the n.oraent 
applied to the damper were measured. Prom this information the amount 



ec. 



^Zy abaorbed by the damper due to rotational motion wbf. calculat 

-T- 
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C. Special Cyclinp Tests 

Besides the standard statistical tests, some additional 
cyclic tests vere performed to determine further pronertles of the 
dampinf? \mits. Four different types of tests vere carried out: 
(i) endurance tests, (ii) preload tests, (lii) hipher frequency tests, 
and (iv) one endurance test at an elevated temperature. 

The purpose of the endurance tests was to check the fatipue 
life of the damping units. These tests were quite STwnllar to the 
standard tests descri'oed earlier except that the total number of cycles 
was much preater. Two tests vere run with an equivalent amplitude of 
10 mils for 10,000 cycles, and two tests were run with an equivalent 
amplitude of 19 mils until fatigue was noticed. 

The preload tests were performed hy bolting the damping 
units into the test frame when the frame was slightly deformed from its 
neutral position. This procedure forces the damper to oscillate about 
a nonzero mean displacement. Such a condition could easily arise in 
the World Trade Center Towers If the swaying oscillation took place 
about a static sway due to the steady state wind comtionents. These 
.tests were also performed in a manner similar to that of the standard 
test. However, during the four preload tests the mean equivalent 
pre-elongations were approximately +_ 10 mils and _+ JK) mils. 

The hlf^her frequency tests were conducted to see if oscilla- 
tions at frequencies corresponding to the hip^her modes of the buildings 
would cause any deterioration in the effectiveness of the dampers. 
Higher test frequencies were obtained by changing the sprockets of the 
motor transmission system. Durinfr these tests the damper specimens 
were first cycled 10 times at the standard frequency of O.J Hz and at 
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the standard equivalent amplitude nf 19 rnils. Tbe frequency of tlie 
forced oscillation vas then chanped to either 0.25 Hz or to 0.^0 fiz; 
the equivalent amplitude vas either held the erane or reduced to 10 mile. 
The specimens vere cycled 100 times under these nev conditions. After 
these 100 cycles the frequency vss returned to 0,10 Hz and the equivalent 
amplitude vas returned to 19 mil^. The specimens vere cycled 10 more 
times to see if there vas any noticeable chanf^e in the damper properties 
since the original 10 cycles. 

The last special cyclic teat that ve performed was an 
endurance type test vlth the exception that the ambient temperature was 
lO^F above tJne normal 7>°F. The results of this single test were dis- 
cussed in scene detail in a preliminaty report which is Included here 
as Appendix D. 

D. Ultimate Load Tests 

All of the dampinf^ units from the standard statistical tests 
and the endurance tests vere subjected to an ultimate load test. The 
ultimate load test consists of stretching or compressing the dampers 
until they are physically broken. The purpose of" these teats vas to see 
if the specimens still met the acceptance levels established by 3t1 
Company after they had been through the cyclic tests. These tests vere 
performed on a manually controlled hydraulic testing machine with a 
capacity of 200,000 pounds {Figs, 7, 8). The axial force and elongation 
of the damper vere recorded on an x-y recorder during the test. An 
additional x-y recorder was used to monitor the rate of axial elongation 
of the specimen. This rate of axial extension was held as close as 
possible to 0,5 inches per minute. Half of the specimens from the 
standard statistical tests were broken In tension and half vere broken 
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In corapression. All of the specimens from the endurance tests vere 
broken in tension. The Rrips for these tests used 1 inch diaineter AU90 
bolts in single shear at one end of the specimen and 7/8 inch diameter 
A325 bolts In double shear at the other end. From the recorded results 
statistical information on the ultimate loads and the ultimate extensions 
of the dampers has been obtained. 

III. Results of Tests 

A. Standard Statistical Tests 

The major portion of this test program vas devoted to 
measuring sc»>ie basic mechanical properties of the damping units. The 
damping unit 'properties that were obtained are their losa factor, dynamic 
stiffness, ultimate load, and ultimate extension. The amount of energy 
dissipated per cycle by the dampers and the amplitude of the periodic 
dlspldcement between the ends of the damping units vaa also measured. 
Statistical distribution curves for the dynamic stiffness, loss factor, 
energy absorbed per cycle and the Amplitude of the periodic displacement 
are given in Figures 9, 10, 11 and 12. The results of the ultimate 
load tests are discussed in Section III-C. For sake of comparison, 
results of tests conducted by 3M Company are included in the same figures. 

The data used for the statistical information of this investigation 
was taken from measurements made durinp the tenth cycle of oscillation. 
Hysteresis loops recorded during first and second cycles were usually 
not closed, and therefore, data from these first two cycles is not as 
accurate as data from the tenth cycle. Also, since it is quite probable 
that oscillation of the Trade Center Towers will occur in groups of 
several cycles (this is typical of narrow band random vibration), ve feel 
that the tenth cycle information is more meaningful. The results of tests 
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conducted by 3M Company were taken from tables in Reference 1, For 
the dampers they tested, we plotted the results corresponding^ to the 
first teat on each individual damper that vas tested at an ambient 
temperature of 75"? + 3° F, Nineteen of their tests fell in this 
category. 

The mean value and the standard deviation for each of the 
damper properties are listed alonp; with their distribution curves. 
The most important single parameter is W the energy loss per cycle. 
In our opinion the average value W = 57** inch, lbs, (with a standard 
deviation of 72 inch, lbs.) is satisfactory for the proposed application. 
It may be noted that the mean values of dynamic stiffness and loss factor 
that ve measured (i.e., 555 kips /inch and 0,836 respectively) are above 
the levels CtOO kips /inch and 0.7 respectively) stated in the Qualifica- 
tion Bequirements [3]. 1'he spread of the distributions about the mean 
Is quite large. In the case of the loss factor the standard deviation 
(0.168) is sufficiently large that had these dampers been representative 
of the samples used to determine Acceptance [3] there is a Rood chance 
that the Initi aa sample would not meet the manufacturing control limit 
for loss factor. 

As was mentioned earlier, the output signal from a thermocouple 
imbedded in the viscoelastic material was also recorded. The results 
of to 18 measurement unfortunately were usually somewhat erratic. Some 
temperature data did make sense insofar as it showed a gradual increase 
In the temperature of the viscoelastic layer as the test progressed (see 
for example the records of damping specimen Ho. 19 included in Appendix B}. 
In general, however, most of the records were not useful. The reason 
for this may be that some of the thermocouples were in actual physical 
contact with the metal of the damping units, whereas others were not, 
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Originally we had planned to run the 101st and 102nd cycle of the stan- 
dard test after the thermocouple indicated that the specimen had returned 
to room temperature. Because of the difficulties with the thermocouple 
we decided to let the specimen recover for twenty minutes, before rimning 
the last two cycles , IVenty minutes was chosen because it was the 
approximate duration of the first 100 cycles of the test. 

All of the thermocouple records displayed a periodic pattern. 
They show that the viscoelastic layer both heats up and cools down once 
during each full cycle of oscillation. This behavior was at first rather 
surprising. We expected that the record would show two peaks per cycle 
ittstead of Just one. Two peaks would occur if the vlscoelastic layer 
could not tell a positive shear from a negative shear. The probable 
explanation for the observed behavior is that the vlscoelastic material 
is anisotropic - i.e., its nroperties are a function of direction. 

Figure 13 shows how the properties of a typical damping unit 
change during a standard test. In general the stiffness of the element 
tends to decrease while the energy dissipated per cycle, the loss tangent, 
and amplitude of displacement all tend to increase. After a 20 minute 
rest (cycles 101 and 102) the element properties have shown a recovery in 
the direction of their original values. We computed the average fatigue 
loss- between the 10th and 100th cycles of the standard tests and found it 
to be about 115i. The fatigue loss is the percentage change in the loss 
modulus G". It is also equal to the percentage change in W/6 where W 
is the energy loss per cycle and ^ is the elongation amplitude. 

Prom bending moment measurements made while testing specimen No. 1, 
the energy dissipation due to rotational motion of the damper was cal- 
culated to be about 19 ?• of the dissipation due to axial motion. 
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The effect of misaligninp the daitiper specimen in the test frame 
was also investigated. Misalignments of the order of l/^t inch, so 
that the dampers can be easily pushed into place by hand, appear to have 
a negligible affect on the amount of energy which the dampers absorb. 

For the benefit of future users of the test frame, a sample of 
the data reduction for a standard test has been included in Appendix B. 

B. Special Cycling Tests 

Four different endurance tests vere conducted. Two of 
these tests were run with an equivalent amplitude of 10 mils, and two 
were run with an equivalent amplitude of 19 mils. The results of a 
low amplitude test are shown in Figure lU, As can be seen, the proper- 
ties of the damping element did not change appreciably in the course of 
10,000 cycles. The properties did fluctuate somewhat, but this was 
probably due to small changes in the ambient temperature. During the 
second low amplitude endurance test, the frequency of oscillation was 
increased so that the total rate of energy dissipation would be about 
the same as it was during the hlp;h amplitude endurance tests . Even 
after this higher rate of energy dissipation the specimen did not appear 
to be damaged. 

The results of a high amplitude {19 mils equivalent amplitude) 
endurance test are shown in Figure 15, These results show that there 
is some definite damage to the damper at about the 1000th cycle. This 
test wtis probably too severe. SHCR estimate that on the average there 
will be only 15 cycles a year with amplitudes greater or equal to to 
amplitude used in this test. Furthermore, the test frame used In these 
tests tends to overstretch the damper when it softens (see Appendix A). 
For the above reasons it appears that chances of fatigue failure of the 
dampers are unlikely. 
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Ail of the tests conducted for this report were made with the 
assembly bolts of the dampers in a finder tight condition. After the 
element mentioned above had fatigued, we found that tightening the 
assembly bolts seemed to restore some of the life of elements. Also, ve 
found that if the assembly bolts were only fin^jer tight before the 
element was bolted into the test frame, then vibration caused by the 
Impact wrench completely loosened them. For these reasons we highly 
reccBunend that the assembly bolts of the damping units be kept tightened 
at all times. We also checked to see If tightening the assembly bolts 
affected the amount of energy dissipated by the dampers, and found that 
tightening them decreased the energy dissipated about lOjS, 

The preload tests indicated that forcing the dampers to oscillate 
about a nonzero mean displacement does not appear to reduce their 
effectiveness. The average energy dissipated during the 10th cycle of 
the preload tests was 5fll in. lbs., whereas the average energy dissipated 
during the 10th cycle of a standard test was ^Tk in. lbs. 

Figure l6 shows the results of a typical high frequency test. The 
overall resultB of the high frequency tests demonstrate that intermediate 
oscillations at higher frequencies do not appear to change the effective- 
ness of the dampers at the standard frequency of 0.1 Hz, 

Besides the tests discussed above, a few other tests were performed. 
One series of tests that Is of some Interest is a set of three 100 cycle 
teats at an equivalent amplitude of 23 mils on damping unit Ho. 3. At 
the end of the third test some definite changes in the damper properties 
were noticed. The results of these tests are included in Appendix C. 

C, Ultimate Load Tests 

The results of a typical ultimate load test are shown in 
Figures 17 and 18. The curves which are shown are for an element that 
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was tested In tension. Two peaks appear in the load- elongation curve 
(Fig, 17) because after one side of the element separated the other 
side continued to load for a vhile longer. The displacement vs. time 
curve (Fig, 18) shows that the rate of elongation was quite close to the 
desired 0,3 inch per minute. 

Statistical distribution ctirves for the ultimate loads and 
ultimate extensions of dampers from the standard statistical teats are 
shown in Figures 19 and 20, The results of 13 tests conducted by 3M 
Company and reported in Reference 1 are also shown. 

It may be noted that the average ultimate load (1*7.7 kips) that 
we measured Is greater than the value (U5 kips) stated in the Qualifica- 
tion Requiremente (3]. The spread of the distribution is quite large. 
5he standard deviation (9,3 kips) is sufficiently large that had these 
dampers been representative of the samples used to determine Acceptance [3] 
there is a good chance that the initial sample would not meet the 
manufacturing control limit for ultimate shear strength. In our tests 
half of the units were broken in tension and half were broken in ccmpreEslon . 
The average idtimate load for the tension units only was 51.0 kips and 
the average ultimate load for the compression units only was kk.k kips. 
The average for both tension and compression was 1*7.7 kips. 

The most common mode of failure for the specimen was separation 
at the bond between the metal and the viscoelastlc material. All of the 
elements that were tested In tension, and about half of the elements 
tested In compression, failed In this manner. Another mode of failure 
that occurred during the compression tests was for the viscoelastlc "bond 
to break on one side of the element and then for the other side of the 
element to buckle (Fig. 21), Only one element that was tested buckled 
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on both sides. The buckling and the breaking of the viscoelastic 
bonds vere the only modes of failure that occurred* 

Ultimate load teats were also conducted on the elements from 
the endurance test. The two elements from the low amnlitude (10 mils 
equivalent amplitude) endurance tests both broke at loads that were 
slightly higher than the average ultimate load of 1*7,700 lbs. However, 
the two elements from the high amplitude (19 mils equivalent amplitude) 
endurance teats broke at loads of £2,000 lbs. and ll*,000 lbs. which la 
considerably lower than average. This further verifies that prolonged 
cycling of the damping units at high araolitudeB does result in 
permanent damage. 

IV. Conclusions 

The most important characteristic of the damping elements is 
their capacity to absorb enerpy under oscillations at amplitudes and 
frequencies which are probable for the World Trade Center Towers. 
Ideally they should absorb adequate energy no matter when the oscillations 
occur or what the ambient conditions are during the oscillations. In 
our tests we have not been able to cover all possible operating conditions 
but we have shown that this particular batch of elements do absorb an 
average of W = 31^ Inch-lbs under standard test conditions with respect 
to emplitude, frequency and temperature. Furthermore, the energy 
absorbtion is not significantly impaired by modest variations in amplitude, 
frequency and temperature. 

Our major concern in the beginning centered around the endurance 
capability of the elements. We found that the elements could withstand 
10,000 cycles of 10 mils equivalent amplitude with no Indication of 
permanent damege. At large equivalent amplitudes (19 and 23 mils) we did 
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obtain evidence that prolonged cycling caused a growing breakdown of 
the bond between the viscoelastlc material and the steel which was 
reflected by a reduction of the element's stiffness and Its ultimate 
load capacity. See data for Speclmena Mo. 3, No. 1* and No. 5, In 
spite of the alteration of properties which occurs we conclude that the 
unite will provide adequate energy absorbtlon for at least 1000 cycles 
of 19 mils eauivalent amplitude at temperatures in the vicinity of 
TST. When the ambient temperature is in the vicinity of 85°F the bond 
breakdovn is apparently accelerated somewhat. At this temperature 
(see Appendix D) it appears that the units will provide adequate energy 
absorbtlon for 500 cycles of 19 mils equivalent amplitude. If present 
estimates of the number of large oscillations to be expected are not 
excessively optimistic. It does not appear that there Is any real danger 
of a loss in element effectiveness due simply to the accumulation of 
cycles of oscillation. 

An unknown factor is the effect of aging on the vlscoelastic 
elements. Our tests were completed within a six month period. We had 
no opportunity to observe any long time deterioration of the elements. 

■ Another unknown factor is the effect of extreme heat or extreme 
cold on the vlscoelastic elements. 

When the elements are installed In the towers it is essential 
that, the. bolts be tightened metlculuosly. Any slip in the Joints would 
vitiate the usefulness of the dampers. Careful alignment of the element 
attachment points should be maintained. Our teats indicated that up 
to 1/lt" of misalignment did not affect the energy absorbtlon capability 
of the element. We recommend that the element assembly bolts be tightened 
with a small hand wrench after installation rather than being left 
finger-tight. This may decrease the energy absorbed by the element in 
small amplitude cycles by up to 10 percent but it will serve to protect 
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the element a^ainBt deterioration under lar^e amplitude cycles , 

Because of the wide spread In damper properties from batch to 
tatch and from unit to unit within a hatch, it is suggested that a 
program of testing sample units be instituted to check on element 
parameter values as the various hatches are delivered. The most 
important single parameter is the energy dissipated in a cycle of 10 
seconds duration under a known equivalent amplitude. It is this 
parameter which is directly proportional to the Increase in overall 
tower damping ratio provided by the damping unit. It would be desirable 
if W, the energy loss per cycle, for 19 mils equivalent amplitude wag 
never leas than i*00 inch lbs. A desirable average value of W for all 
batches would be. 575 inch lbs. (i.e., about the same as that of the 
batch reported on here), 

V. Suggestions for Further Testing 

A program of periodic testing of randcHi samples of Installed 
elements and of the stored unused elements should be Instituted. All 
the endurance tests performed so far have been accelerated life tests. 
The effect of the passage of years on used or unused elements is still 
an uniuown factor. 

The calcualted effectiveness of the dampers depends on the 
magnitude of the local frame stiffness almost as much as it does on the 
aamping unit parameters. If the local frame stiffness were only 
200 kips/inch instead of the design value of 600 kips/inch (as was the case 
for the test frame) the energy absorbed by the damper would only be 
one- fourth of that predicted. In the case of the test-frame this was 
compensated for by using a larger eccentric. In the actual towers no 
such ccmpensation is possible. Therefore, it seems imperative to check 
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the actual stiffness of the local frame at a few typical dampinR element 
locations as soon as possible. If the actual frame stiffness is 
significantly smaller than the design stiffness the damping units would 
have to be redesigned. To measure the local frame stiffness one could 
substitute a turnbuckle and a forcegage for the damping unit and then 
use the LVDT from the test frame to measure the contraction as the 
turnbuckle was tightened. 

There are a number of tests which vov id be very interesting to 
the profession and which would be useful for the benefit of future 
designers. These are listed below in the order of their desirability. 

1) The natural frequencies, damping ratios and mode shapes of 
the towers should be measured. These can be measured in a few days 

time by simultaneously recording the outputs of two sensitive selsometers 
placed at various locations In the buildings and then dlglttaiy processing 
the tapes. Such a service Is available fyom the Structural Sciences 
Division of Earth Sciences (A Teledyne Company), See literature in 
Appendix E. The damper oscillation has been designed on the basis of a 
natural mode and natural frequency computed during the early design of 
the building and on the basis of an educated guess as to the inherent 
damping of the towers, A comparison with the measured values would be 
very informative. 

2) Permanent recorders should be installed near the tops of 
both buildings to monitor the motions (acceleration levels) throughout 

a period of several years. This would provide valuable f eedback fcr the 
elaborate wind tunnel and statistical studies which were employed to 
arrive at the levels of motion used in the design of the danper installa- 
tion. This would also give the building owner Increasing confidence in 
the sway resistance of his building (if the design is in fact successful 
and the motion amplitudes remain small). 
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There are slow speed tape recorders which go continuously and 
only need to have the tape chan^red once every three months , and there 
are other instruments like strong motion seismographs which remain 
inactive most of the time and only begin to record when a certain 
threshold levells reached. See Appendix E for literature. 

3) One or two damping units in the towers could "be modified 
so that they could provide force and motion signals at the damper 
^Ich could be compared with the tower motion. In the simplest modifica- 
tion all that would be necessary would be to replace the pair of angle 
irons running frcoi the element to truss by the instrumented angle irons 
from the test frame. The force and elongation signals would provide 
energy loss loops which permit an estimation of how much damping the 
viscoelastlc units were actually providing. These results would be even 
more meaningful if the local building frame stiffness had been verified 
in situ with a turnbucJtle as described above. 
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1, SHCR Report No. DU-1, The World Trade Center Viscoelastlc Dampirn; 

Units . July 17, 196? . 

2, Specification for Structural Joints Using ASIM A325 or aJ»90 Bolts, 
Approved by Research Council on Biveted and Bolted Structural Joints 
of the EnglneerinK Foundation, September 1, 1966, Endorsed by 
American Institute of Steel Construction, Inc. Endorsed by 
Industrial Fastenera Institute, 

3, Technical Specifications for Visco-El'astic Damping Units for 
the World Trade Center, 3786. 
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SKILLIN©-HELLE-CHRISTIANSEN- ROBERTSON 



August 29, 1968 



Mr. Kalcolw P. Lovy 

Port of Kew Tork AuthorlC; 

Vorld Traile Center Flaoniag 

111 ElRhth Avenue 

K«w Tork, New lork 10011 

KAferane«: Tha, VarXd TtuAb Hsncar 
MIT TcBt ProKrma 

ti*MT Mall 

Oq the ftftamooQ of August 2£, 196fi, tha vrlter vlaltad tllT to txaialua 
the daeping ualt test rig aad to ttvaluarc proETOss to dato. 

Ptrtt, In raaponis to inquiries trcm MIT, tb« writer transialcted nha 
follovlug icf omutClfia : 

1. All hlgh-tcnellci bolts oust bt> tlshtencd usittg thu turu-of- Che- 
nut teehnlqua, 

2. For 1" ASTH A49n bolto, requlrad torque could be 1400 ft-lbd or 
Itlgher. 

3. Uasher rcqutronotite for ASTlt A32S hlgh-tenslle bolts ara as 
follows; 

a, Ulth holes 1/16" larger than tlvt ncrainal bolt dlmuiter, no 
WADiiiirs UTV required. 

b. For oil other Ciuee, 7/16" ChlcK plate wasbcm are required 
lender both bolt h«:a<d and uut. 
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SKILDNe-HELLE-CMRISTtANSEN - ROBERTSON 
Mr. HalcolH P. hmvy 2 August 20, 19fc8 

4, Wft«h«t rmqulrttneoto for ASTH ki*tO hlgh-tenatle bolts «r« as 
follove; 

a. Kith holes not noro ttuu. l/lf l«Tscr th*n t)i« nwila*! bolt 
dlHMCitr, atAD^ard b«rd«i%*<l w«a1i«r» ar« required untfar bcth 
l>olt haad And nut. 

b. Por all other caaas, X/Z" tlilcV plata w«iyh«ra ar« r«qulrad 
under both bolt head «iu! nut. 

Ttilfl lotortkatloQ vas glvau to Kr. l^nry Vlttl^, aa ProfessoT Craodall was 
ztot ex^^ccCod In the laboratory for th* remainder of th* week, 

Kaxt. tba cqulpmant waa examined aad th* followlcg conaant aut»altced to 
Hr. Vlttlfit 

1. The <)uallty of valdtng variea fron poor to luaxeusable. Ever? 
dafoct Vaown to Che urtter «&<j detectable bT casual visual 
«x«»iii«tiDu warn foOTid in protuaion. since straaa lovela are vary 
lew, th* ituality of uoldlog uay not adversely affect ccat 
roauXts. Still, the vrltoc rtccnaaendad tV4>t iuoy weldn be cleaned 
by wire brush and exaalnad frow tl«o Co tine throughout the test 
pro^rasi. 

2. The device Intended to provide tramnrerse stsbility Is totally 
inadequate If stiffness Id cht traQsverso dlrectioa is required. 
Suitable techniques for Improving the traTuversa stiffness vero 
proposed, should reaedies be required. 

3. rno basic geocietry of the "trwoses" lo far fraa Ideal, Tho 
vrlter pointed out eccentricities «1ilch should affect truss 
stiffness by a ■ubutmittsl Ki&tftin. Such eccentric 1 ties, of 
course, will oot exist in the building conc:ruction. 

4. The lacV. of ndcouate stlffnesa lit the teat frsae was discussed. 
ThE Iritroduc tlon uT flange beuding, the effects of ntrcae 
concentration and the like, an^ the offectu of tho luality of 
velds (see 1. above} on the beliavlor of ctic frsne wer» dlscuesed 
in rosia detail. 

5. Mr, V'lttlg pointed out cMt the 'Irlre bearlnR lacked the 
capsbillty to resist aide thrust and that Itls repeated efforts 
had been uneucceaaful in preiventlng the drift of tho bearing. 
This drift results in a Quddeo intact on the teat rtg, causing 
trsABvcrse oflclllation mn^. render tnf, the rig xiaeless. Hr. Vllttiz 
stsced that he was prepared to order a tiov beartn?. and that 
delivery of such be:irlng should be occoctnliehed vithin a week. 
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SKILLING-MELLE-CHRISTIANSEN-ROBERTSON 

Mr. MiXcola P. Lev? 3 AuRu»t 23, 1968 

6. It vaL« noted HjlZ bolt slc«» ilo not alvAy« Cfl«tp«r« to tK* 

rcqulraoenta shmn In ch« Drnwlnns, Kr. bictig pal»t«tl out thAt 
AXSC va1o*x lor th« Iftasar bolts Indicate that bolt ;>llp thould 
not occur. Vhrn writer point wd out the n tat 1st leal tteluvlor at 
ouch bcilCa, the difficulty In maeaurlos Ql^ <totttctlit;{ bolt allp 
and cl>e Rccaaalc? of prerentlua »uch nllr** ~ ^ -^c/ 

Xt waa observed that ito naenlngful vork )i«d been accoispl liiliad nr vould bo 
acccHplljihed for ot Icnat a week or ty*o, Mr. VttttK atated ctiat li* wvXi 
be raturnlng to r^pil^r claaarooa vork at the and of the third weak in 
Septenber. ^-"hcn tbe writer pointed out tbet the teat work vould still be 
under way, Mr. Wltttg indicated that he Intende to contimia ht* particl- 
patlon In the Ceet progr^in and that additional halp could b« obtained. 
It le the writer's orinlom, not oxpreaeed to to. UittiR, that It la 
uallkelv that anv useful tea tins vill be accocpllshed ultbln tha next 
three or four weeks. 

Other than as exrxesaed abtn*e, the writer found the cquti;>ti«nt to be sound 
■nd at oood dealgn. Probably more InsortBnt, Hr. V.'lttlg oppeara to be 
dedicated vtiA resourceful. 

It le the writer's opinion thnt ouch of the oriplnAl Intent of the teat 
prograa may be lost because of deficiencies in the tcust equtpioent. 
Specif icnlly, the vfriter doubts tliet the eseesbly will aden.uately 
duplicate conditlona as they will exist in the building. Still, with ell 
of its defepts, the equipmont Day be eubstAntislly closer to such e 
slBuletlon than was sccompllaliod by the prosreD conducted by 3il under the 
oupervlflioQ of SHCR. 

Very truly yours, 

SKllXIMC, nELl£. GHRISTIAI^SES, EDliEMSOS 



Leslie E> TAibat tSui'i 

LEtlie 

cc; He. Lantor Fcld, PWfA 

Dr. Stephen Crandall, MIT 
Mr. I.Arry Vittig, MIT 
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SKILLINS, HELLE, CHRISTIANSEN, ROBERTSON 
Coitiufling Struct uial and Civil Engineer* ■ 2i0 Park M-emie, h!e^^• York, N. 1*. 10017 • Mu. 9-887-1 

John B. Skillin^ ' lielge /. HcUc * John \', Chrhtlamen * Lctlie E. RobcrUon 

Meneser 
Weync A. Bttwtt 

Comulunti 

Ntfrotd L. Worthinfton 

May 22, 1969 fwtfJt f . Mwn 



Port of New York Authority 
Vorld Trade Center Planning 
111 Eighth Avenue 
New York, New York 10011 

Attention; Mr. Haicolm f* Levy 

Reference: The World Trade Cencer 
Damping Units 

Me have reviewed the report, "Test of Vlscoelastlc Damping Units for World 
Trade Center Tower Boildings", by S. H. Grand all and L. E. Wit tig, dated 
April 23, 1969. This Is an excellent report confirming in a general way 
the test results obtained by SHCR-3M. Also, this report gives additional 
data which are relevant to an evaluation of the perfonnancc of the damping 
units in the system environment of the intended Installation. 

From the photographs of the specimens in Figures 6 and 21, we surmise that 
an additional bolt hole was made at M.I.T. in the structural bar of each 
specimen to fit the teat jig of the ultimate strength test. This additional 
hole overlaps the original bolt hole. The overlapping holes probably would 
not Influence the strength so long as the forces are transmitted: by* friction. 
Should a major slip of the bolts occur, there Is no doubt that the overlapping 
hole will affect the ultimate strength either in tension or compression. In 
appendix C, the ultimate strength of Specimens No. 14 and No. 16 were recorded 
as 49,000 lbs, and 48,000 lbs., respectively, whereas the corresponding 
Force-Elongation curves indicate maximum forces of 57,000 lbs. and 38,500 lbs., 
respectively. The reason for the discrepancy is not clear to us. In any case, 
the conclusions of the report arc not affected by these two comments. 

He would like to note that the Ultimate Strength in compression and In tension 
of this test series has a mean value of 4*7.7 kips with a standard deviation of 



r»Hii HetttiRHarr iiiCH*Ha CHauiirit 

■ i«T a. naiiiii* lal"^ ^* •• '" 

LBnCHTl I.. WIMHS t. J. WHITI. JK. 
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SKILLING. HELLE, CHRISTIANSEN, ROBERTSON 

Port of New York Aucnorlty 

AtLCEition: Mr. Malcolja P, Levy - 2 - May 22, 1969 

9.3 kips and that this combination of values vould have failed to meet the 
Acceptance Requirements proposed in our letter dated Hay 2, 1969. The 
results of ttiC compression tests conducted by 3M Company had a mean of 54.1 
kips with a Htandard deviation of 4.5 kips and these values vould meet the 
proposed requirement of mean Ultimate Strength ■• 45.0 +1.5 (S.D.> kips in 
compression. This comment should be considered prior to forwarding copies 
of this document to 3M for their use. Also, when conditions will permit, 
it is important that a copy be fon*arded to 3H as this Information cannot 
help but assist 3M in meeting their contractual commitments. 

While ve concur with most of the conclusions stated in Section IV of the 
report, it is clear that Messrs. Crandall and Uitcig arc not structural 
cnelneers, as their suggestions are not wholly practical. We wish to comment 
on this section as follows: 

1. The program of periodic testing of random sampluii uf the IttstallH 
and of the stored unused dampers has long been In the test program 
for WTC and was discussed both at MIT and at Mr. Kyle's office. 

2. It is neither necessary nor practical to test' thcilocal "frame 
stiffness as proposed in this report. It is not practical because 
of the structural interconnection of column- to- column and of truss- 
to-cruss through the structural ties of spandrel^ bridging and slab. 
It is not necessary as the column stiffness plays only a minor role 
in the system and because the truss stiffness can be calculated 
with considerable accuracy. Previous calculations for uniformly 
loaded trusses have been verified through load testing of actual 
trusses. In short, the only way to perform this test requires that 
many trusses be loaded simultaneously (as would occur in the real 
building) or else a structural separation must be provided around 

fl single truss by cutting both the slab and the bridging - this 
latter technique should not be considered. We do not feel that 
the cost of this proposed test is warranted. 

3. Additional teats arc cited which would be of Interest to the 
profession. In this regard, we have two thoughts: 

a) SHCR is preparing a paper to be delivered before the ASCE, 
or similar organization, discussing the use of such dampers 
In building construction and presenting a method of analysis 
for such dampers. The paper will, of course, be presented to 
PNYA for Its review in the light of any impact it may have on 
the rcntabillty or other facet of The World Trade Center. 

b) SIICR, with PNYA concurrence, has contacted AISC with the view 
of obtaining technical and/or financial assistance in the 
performance of post- construct ion testing. SHCR will, of course, 
pursue this question further with AISC in the months ahead. 
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SKlLLINe-HELLE-CHRISTIANSEN - ROBERTSON 

Port of New York Authority 

Attention: Mr. Malcolm P. Levy -3- May 22, 1969 

Wg note that our copy of this report does not include Appendix E. Ue 
ossumc that other omissions, If any, have no bearing on the conclusions 
of the report. 

We vUl report to you further as our proposals for additional testing 
become solid 1 fled. In the interim, should you have further questions, 
do not hesitate to call. 

Very truly yours, 

SKILLINC, HELLE, CHRISTAINSEN, ROBERTSON 

PL 

Leslie E. Robertson 

ce: Messrs. L. S. Feld, ?HYA 
J, M. Kyle, PHYA 
S. H. Crandoll, MIT 
L. E. Wittig, MIT 

L£R/ld 



184 NIST NCSTAR 1-lA, WTC Investigation 



Supporting Documents for Chapter 3 






Jims 2. 1969 



Mr. John H, Kyle^ Chief Engineer 
^e Port of Now York Authority 
111 Blfihth Avenue at ISth Street 
Mew York, Sew York lOOU 

Do»r Mr. Kyle: 

This letter is written in response to the letter from Nr. 
L. £. Sobertson of snCR dated >Iay 22, 1969, and addressed to Hr. 

connection with^ our report lest of Viacoelastic Hamping Units 
for World Trade Center Tower Uuildinco" by Crandall and Hlttl^. 
Anrll 23, 1969. I shall try to anst^cr these r^ucBtlons. 

With XCfiard to the ultlndtc tents the cxpj.a»Bi.i.uii ^m the 
report is sonewhat abbreviated. Let me give some rurcnsr uutaHa 
here. Ihe testing machine we used had a large dial which indicated 
the force Applied to tha spccijncn by a hydraulic drive. For stAtic 
and slbw-speed testing. this force is- read off point by point by 
tlte operator.' Since our raco. of ToAdinp, was fairly rapid we Tnade 
no attempt to obtain the force Ulstory from the dial, llo did, 
however , record the maxiaum reading of thiB dial for! each test 
(this was faciiitoted by liavlng the pointer drive a marltor which 
remained at Che highest level). In order to record the force 
history we used strain nar.es on the tent fixture. Tlic v.np,v.H for 
the comprosii ion tent attr vlnihlc Jn ri)>,. (i of tlin r«j»nrr, Vor the 
tension tcintrt the tent fixture tnmlo lunt of tho tiormnJ bolt I ml on tif 
till! a]omr>.nt mill unn Irtuf. i>i)iiU|Oi t"t> vi^''^'''" <nli'«n>nl'n Idnj'.uh Tov lln* 
gnr.o Decclon. In ttio tontilon i.i-ntit tli>irc wjiti I'ottd ni'TiM-iiuiiii {t->iilih\ 
one or two kips) between the ultiiantc lead ri^f>,inCcrG<l on the dinl 
of the testing machine and the peak of the force-dlsploccracntt curve 
Vssed on the strain p.agc sif.nalti. In the case of the comprenRlon 
tests we had to compromise on the length of the test fixture. Too 
long a fixture would cncour.igo bucklinR of the clcwcnt and too short 
a fixture would compromlce the strain gage test section. In order 
to gain a little length we moved the bolts a little closer by drill- 
ing an extra hole in the element as shown in Fig. 21. Mote that 
there i» full bearing for the holts for compressive loads. In tho 
ease of the costprcssion tests there was more discropancy botwoun thp 
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ulttoate load reRletercd on tlic dial of the tettlng madvine 
(this valua ia noted at cite hot ton of figures such as Fl^. 17) 
and the peaV of the force-displacement curve. The greatest diacre- 
pancie* (specimens 14 and 16) occurred where conpreaatve failure 
vas accompanied "by largo amounts of buckling. The sense of the 
discrepancy was oopoalto in chcae two cases. 

Our interpretation of this discrepancy is chat because of the 
short RSgo loaRth our strain gages Cwhlch were calihrated for 
perfectly axial loading) are no lonRer correct when a large bending 
moment Is superposed. We, therefore, conaidercd the machine dial 
reading to provide the best cstiniatc of the ultimate load In 
these casea. The values given by the machine dial reading were 
used In constructing Fig. 19 and in calculating the mean and 
standard dovlatlon. 

We arc' In agreement with Hr^ Robertson regarding most of his 
comments with the one exception concerning the necessity and praetl~ 
callcy of testing the local frame stiffness. He would like to 
repeat our recommendation thnt the loc.il frnmo ntiffnonn bn chnrlt^d 

tioiv could he. 1cp«ardlzcil hv. ini-idctmatc local. framaNtlffnfnH^ 
Furthetmoro, It will he difficult If not iinposslblc to assess ttic 
petfomonca of the system when It is in operation 1£ the magnitude 
of Che local atiffness remains unknown, 

Uo think that Mr. Robertson nas overestimated the difficulties 
Involved in making this measurement. We had been thlnklnft Intermn 
ot one evening 'o work. This was under the aasumption that tho major 
contribution to the local self fncss was truly IocaI. Mr. Pohertson 
points out chat there may be considerable diffusion of load from 
truss to truss, n^ls means chat instead of mensurlnf; only one load 
and one deflection it will he necessary Co measure one load and 
a numher (possibly 6 to 12) of deflections. This is still an 
onClr«ily reasonnblc proponition in tonnn of time and money. 

In more detail what wo arc proponlnp, is dint na noon na a 
cower has risen to the point where a floor which Is to hnvc 
dampers Installed (ond for which the dcnlpn local ntiffncso hns 
been computed) la structurally complete the tent would bo performed 
by installing an Instruracnced turn- buckle In the drtinper locntJnn of 
one of the central truoacs. Tlic deflection neaflured by nn T^VJ>T 
across this unit would bo recorded as the tcnallo force wnn raioed 
from zero up to 30 kips, say. Tlic load would then he removed nnd 
the LVnr moved to the adjacent element location. Agnln the load 
would ho put on and the doflectlon recorded tn obtain Chn correiapondlnR 
Ine Influence coofflclmi:. 'llto pvounduro would Ulmrt bu rBH«>«l:»»l, 
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Tlic LXIJT would be novcd Iron st,-ition to station until tho Influence 
coefficient was no longer r»eiw»ural)lc. Usinfi (tujtcrpo&itlon «nd 
tills set of influence coofflclenta It is a simple Matter tn predict 
the doflectlon of die entire cruan-nyKtem vhcn loaded unlforirtly at 
all the atatlons« If time Is avoIIaMc it vould be doslrnble to 
repeat the entire rocosuremont at odier "typical" locations 
(e.^,. , on the Eame floor but on other faces of the building). 
Ideally this test should be performed when confttrueClon Is not r.oing 
on <e.c*> night shift, holiday) so an to mialnizc background noise.' 

X trust chat these cotrstients will be helpful to yout 




I. J) 

/Stephen IT, Crandall 
•^ Professor of' 

^lechsnical FAgineerlng 



rSUCJarJ 

cc: Mr. Yontar 
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TllE WORLD TRADE CENl'tR 

Report: No. DU-3 

VISCOELASTIC DAMPIKC UNITS 



lottoductlon 

the Importance of Uic action of ulnd on tall buildings has been 
generally recognized for many years. This action was traditionally 
conceived and treated as static forces by the community of building 
designers. Hovcvcr, mGasuremcitts on existing buildings by various 
Investigators have sbovn that the responses of tall buildings to strong 
visd arc predominantly dynamic. More recently, the static and dynamic 
reeponscs of the twin towers of The World Trade Center were studied by 
neaQS of static and aeroelastie models in a tnlrro-victeorologlcal vind 
tunnel (l]. The experiments showed that, for the wind dtreccions critical 
for the structural dcalgn/ the deflections, and hence the stresses, are 
primarily caused by dynamic oscillation o£ the building. It has been 
established that the amplitudes of the oscillation are Inversely 
proportional to the oquare root of the critical damping ratio for lightly 
donpcd buildings in turbulent wind. 

The critical damping ratios intrinsic in buildings wer.e measured by 
several researchers. A table of the data found in the literature is 
Included la Appendix 1. Based on the reported data, it was estimated that 
the Intrinsic critical damping ratio of The World Trade Center towers Is 
^^V for design against excessive stresses. In order to increase the 
nechanlcal damping of the towers, viscoelastic damping units were developed 
for installation in the floor system. These damping units have been 
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described previously in Report DU-1 [2]. Tri6 vlucocloctlc damping units 
arc expected to Increase the building damping from fllA to VMft which 
vas assumed In the structural design o£ the towcria. TItc contribution oi* 
the damping units to building damping was calculated In Report DU-1 and 
is further Eummarlzed i» Appendix 2. The expected number of cycles of 
oscillation per year Is also given In Appendix 2 for the damping unlre 
having amplitudes of deformation exceeding given amounts. 

Tcstins Programs 

Two tcstlno prnsrsse have teen carried out for the prototypes of the 
vlscoclastic damping units. In Program I, twenty-two prototypes of the 
dsEpJng ur.lti were tested by Minnesota Mining and Manufacturing Company 
(3M Cospany) in May 1967 [2] . In Program II, thirty-nine prototypes were 
tesccd ac M.l.T. by Dr. S. H. Crandall and Mr, t. E, Wittlg In 1969 [3j . 
•Whereas the prototypes in Program I are subjected to cyclical axial 
deformation in the form of a sine function at 0.1 Hz with constant 
aaplltudc of 0.020 inch, Program 11 attempts to sltnulate the system 
environment of the Intended Installation which consists of the exterior 
column, the vlecoclastlc damping unit, and the floor truss system. 

The testing conditions of the two programs are compared in Table 1, 
Ihc results of the standard tests are compared in Table 2. 

Evaluation of the Prototyp es 

The specimens In Test Program I have dynamic stiffnesses which have a. 
higher mean value and a higher coefficient of variation then those In Test 
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TABLE 1 
CO^SPAK:SON OF TWO VESTING ?KOGRAMS 



PBOGKAH I 



1. Nunbcr of specimens 

2. Displocccicnt - time function 
3> Displacement amplitude 



4. Ttotatlonal notion 



5. Standard test 



6. Endurance test 



7. Frequency o£ cycling 
6, Kean displacement 



9. Scorn temperature 
10. Franc stiffness 



11. SAte of loading for 

Ultlaate Strength Test 



22 

Slnusoldftl 

0.020" constant aiitpll- 
tudc ncitKured across 
viscDclastlc slab. 



100 cycles at 0.1 Hz 
and at 0.020" ampli- 
tude, then an extra 
cycle when tempera- 
t«ir*t of vf sco^lastic 
Blob returns to the 
room temperature. 

1000 cycles at 0.020" 
amplitude. 



0.1 Hz 
None 



75 ± 5«F with 18 tests 
at 75 ± 3Pr. 

Not applicable. 



Dot reported. All 
bolts In double shear. 



PEDGRAH II 



39 

Sinusoidal 

Variable, measured acrofts 
damper scat and damper cx- 
tenelon. Constant equiva- 
lent amplitude of 0.010", 
0.019". or 0.023", if 
damper is replaced by an 
clastic rod of axial stlff- 
ncfis equal to £00 kips Inchj 

Yes. Caused by vertical 
notion of one end of test 

100 cycles at 0.1 Hz and 
at equiv. amplitude of 
0.0I>", two extra cycles 
after a rest of 20 minutes. 



Etire at 



;i3" 



10,000 cycles at equlv. am- 
plitude of 0.010" J 
2,fi00 cycles at equiv. ato- 
plltude of 0.019" 

0.1 He, 0.25 Hk, 0.50 Ha 

2cro. for standard tests. 
Special tests at mean dis- 
placements of +0.011", 
-0.0125", +0.023", and 
-0.021". 

75 t y?. One special 
test at 85<^F. 

192 kips/ inch (computed 
stiffness at A7th Floor 
is 600 klps/lnch), 

0.50 inch/mlnuce (approx.) 
Bolted connections some as 
in design for field instal- 
lation. 
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P«gc 4 



TADLK 2 

coMPArasoN of results ok nro tksting programs 



STANDARD TESTS 


1 

PROGRAM 1 


PROGRAM II 


1. Dynamic Stiffness (klp/inch) 










He an 


625 


555 






iStandafd deviation 


122 


£2 






Coefficient of variation 


0.15 


0.11 






2. Loss Tanficnt 










Mean 


1.3B 


0.8^1 






Standard deviation 


0.16 


0.17 






Coefficient of variation 


0.13 


U.4C 






3. Ultimate Strength (kips) 


Compression 


Compression 


Tension 


All 


Mean 


55.0 


45.0 


S0.<4 


47.7 


Standard deviation 


3.1 


4.9 


10.6 


9.3 


Coefficient of variation 


0.06 


0.11 


0.21 


0.1 
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PrOB'^**™ ^'* "^^ dirrerenccs can be attributed to tbc grcnLcr scatter 
of test tcmperaturcii, to the Rllglitly loucr mean value of the test 
temperatures (73.7 V) and to the use of scvcrnl different formulat Jon:i 
of the viscoelastlc materiel In Test Program I. Ttic damping units of 
Program 11 have & mean dynnmlc stiffness of 555 kips per Inch at 75 F, 
vhloh is very close to the optimun value of4MVlps per Inch. At the 
same time the coefficient of varintlon equal to 0.11 Is very satisfactory. 

The specimens in Test Prograa 1 have a mean loss tangent of 1,38 
vhich Is much better than the design mlnlmutn mean of 0.70, Futhcrraorc, 
the specimens are quite uniform in the loss tangent with a coefficient 
of variation equal to 0.13. The specimens In Test Program II have a 
mean loss tanonnt of O.Ri with £ coefficient sf variation u* C,2C. 
nils is satisfactory, since the mean loss tangent of the universe 
represented by these specimens vould be greater than 0.77 with a 
probability of 0.95' according to the t-Dlstribution, 

The ultimate strength obtained In Test Program I has a mean of 5S.0 
kipa and a coefficient of variation of 0.06, vhlch indicated high strength 
and good uniformity. If the dynamic stiffness of the damping unit, K., 
remains below the design value of MM kipa per inch, the maximum design 
force In the damping unit, F^ would not exceed 3^ kips (Appendix 3> . If 
R^ reaches 900 kips per Inch, maximum F^ would reach ;0.9 kips. In such 
a case» about 20X at the damping units represented by Test Program II 
would be near or over the breaking point. The reasons for this discrepancy 
of ultimate strength between the two test programs are not clear. Perhaps, 
the difference In the test jigs is the source of the discrepancy. Fortunately, 
the results of Test Program 11 Indicate some positive correlation between 
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dynsndc stiffness and ultimate strength. In fact, the coefficient of 
correlation between these tvo parameters is ■K).42* This means that the 
damping units uhica have low ultimate strength tend to have low dynniaic 
stillness also. Since maximum force In the damping unit decreases with 
decreasing dynamic stiffness ^ the probability of breakage of the damping 
units under the maximum design wind condition is small if the results 
of Test Program II ore representative of the production unit«. 



The special tests of Program II indicate that the damping units arc 
AnLl&rticioTy wich respecc to fatigue, to higher frequencies ot osc3.ixacion 
and to a temperature r<A*> of \0 F sbevc 7S>°T, 

Conclusions 
The two test programs of the prototypes indicate that the damping 
ttolts In the floor system will provide an expected increase of ^^0 in 
the critical damping ratio of The Vorld Trade Center towers. 



tmm 
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\\ HI III } iifi' 1 ^t'fi.lilnirM^r 



Novi-mbct 5, I'tTl 



Minnesota Mining 4 Manuf ac tur iiiR Corp. 

iM Center 

St . Paul , ^tinru.er>t o ^ ") I f) t 

ACtenlion: Mr, Don r.aldwetl 

Re! THE WO'. LD TRADE CENTER - CONTRACT WTC-2 24.00 - 
TESTING OF 12 DAHPmC UNITS REMOVED FROM 
FLOORS 2b, 27, 29 &. JO - TOWER A 

Gentlemen; 

This will confirm oral information givi?n to you by our 
Mr. Feld on 1 1 /it/ lit 

3M is to perform an equivalent Acctptame Tost series on 
the subject ^roup of units (see Schedule XI attached). These units 
were alt installed in Hovember of I'JTO and remained In place for 
the past year in unheated space throughout a "cold" winter. We are 
attempting to ascertain if t hr units tiave actually been affected 
by the "cold" and are in fact capable of passing an equivalent 
acceptance test. The number and sequence of testing fur loss factor 
and stiffness, fatigue loss and ultimate strin^lh an- to be determined 
by m. 

\ii wSLilJ =pr:"!-L3tr yc",;r txf^di ' •" -. thii. .. rfc^ of tests 
upon rect-tpt of the units. All wnrk is to bt pi rf.irmed undi r the 
unit priij provi^iOTix for 1 1 v H m-. unrl< r th< suUj'it luntra't. 
fleas* artvin thi'- nffit, a- tu yuui tijittni; .ihtiluli. 

5>im 1^ ri iy , 
. ' /'.' ^ "^ 

A / • J 

i t vv 



V . I t„A' 'ill' u 1 1 1,1.1 u 



Ml•.■,r^, U. Rt.il.intl. [), Rr t-n 

I. Wlii ti CjH'K), t, W.rnt ki '- all u/;it 1 
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%M. .Jotiii. t /sjMittU €3/0/ 



^ 



Coordinator of Construction 

The Uorld Trade Center 

The Port o£ New York Authority 

HI Eighth Avenue 

New York, Mew York 10011 



CONTRACT HTC-221.00 

V/ORLD TPJSDE CENTER 

THE PORT OF NEH YOPJC AUTHORll-Y 

LACLEDE CONT£l.^CT 67-J-31S01 



DATE 



April 5 J 






TRANSMITTAL LETTER NO. 10 



TRAHSMiTTAL OF FLEX TIRAL TESTS 

Transnitted herei-jith is one ccpy each of the sequentially numbered 
flexural test reports listed below. Submission is in accordance 
with the sixth paragraph of Paragraph 105.102 "Resistance Welding" 
of our Contract HTC-221.00. 



Flexural Test 
No. 

U 
II 

27 
28 
?; 
30 
31 
3? 
'5-; 



CC 



P 



35 

•Olr 

Skil 

230 

New 



For 

Jnraes V7hire 

lins-Hclle-Christiansen-Robertson 
Park Avenue 

York, Kew York 10017 



Date of Test 

12/17/68 
12/17/68 
12/17/68 
12/19/68 
12/n/68 
l?/31/68 
12/31/68 

1/ 7/6q 

1/ 7/69 

1/ 7/6q 

I/2U/69 

1/24/69 




Rober 

Direccor of Technical Services 



Mr. ni. GuttcntS' 



roject Ensineer 



Tishjnan Realty & Construction Co. 
30 Church Street - 11th Floor 
New York, Mew York 10007 
(COPY NOT SENT) 



Inc. 
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May 15, 1969 

R. D. BAY 

RE: WTC-221.00 

FLEXURAL TESTS 
SHIPMENT NO . 2 

The results of all Flexural Tests performed for Shipment No. 
2 are shown on the attached sheet 1 of 2 dated May 15, 1969. 
This sheet shows the comparative deflections for incremental 
loads of 500 lbs. for each truss tested. Sheet 2 of 2 gives 
the backup data for Sheet 1, 



David B. Neptune 
Xp 
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WORLD TMOK CBNTER 
FLEXUEAL TESTS 
MOS. £3 THRU 10 

Comparative Deflections in Inches for 
Incremental Target Loads of 500 Pounds 



May 15, 1969 
Page 1 of 2 



(1) 


(2) 


(3) 


(^0 






















TR[iSS 


TEST 
NO. 


DESIGN 
DEFL 

In. 


DESIGN 
LOAD 

Psf 








TARGET LOAD 


IN POUNDS f5) 




•iAUK NO, 


■jOO 


1000 


1500 


..2000 J...25,0q,. 


3000 


.3500.^ 


'1000 4500 


_ 15000 


C12T1A 


24 


2,000 


58 


.246 


.551 


.802 


1.060 1 1.335 


1.605 


I.QIO 


-2iiI0_ .2J!iL2_ 


2.751 


.C?i2T2A 


23 


2.063 


62 


.207 


.408 


. 'Vl^ 


.77"? i -^3^7 


1.165 


1.335 


1.535 1.752 


1.962 


C^2T^ 


27 


2,063 


62 


.262 


.4j90 


,,15 


.995 


1.176 


1.414 


1.646 


1.888 2.120 


2.367 


C32T4 


29 


0.750 


62 


.370 


.708 


1.029 


1.357 


1.683 


2.033 


2.372 


2.743 




C33T5 


33 


■ 0.37'? 


54 


.104 


.201 


,2Qq. 


.3<55 


.500 


.502 








..032T6 . . 


Tj 


Q,93B 


62 


,064 


..118 


.171... 


.ppS 


.279 


.334 


.^QO 


.'116 




.E3.H217A 


.25.- .. 


..a.,o6i.. 


6? 


.281 


.=ilO 


.747 


.077 


1 . PP? 


_LJlilQ_ 


1 .67"^ 


1.0,20 2.17il 


2 i|^7 


C32t8a 


26 


2.000 


62 


.286 


.541 


.807 


1.083 


1.321 


1.575 


1.839 i 2.122 1 2.400 


2 . 700 


C3STq 


28 


1.93.8.. 


6? 


.261 


.■SOI 


.742 


.q8i T.??^ 


1,452 


1.700 ' l.oJR 1 2.208 


2. 4!: 5 


C32T10 


:jo 


1.686 


62 


.360 


.711 


1.042 


1.371 1.699 


2.023 


2.377 


2.729 ! - 




0^2^11 


^1 


l.3i3 


62 


^4,Q0 


.742 


.1.070. 


1.4]IJ 1.7S6 


?,om 


2.'n7 


2.793 i 




P^2T1? 


32 


o-a-jo 


62 


.113 


.204 


.293 


.38'i .fl7B 


-570 






„ 


_G3£I13 


3't 


...0..J*.38, 


62 


.109 


...199 


.289 


.378 .467 


.55l> 


_ 


. _ 


_ 


CI^CI-'IJI ^8 


2.,.0.00. 


■78 


,281 


.565 


,841 


1.103 


1.377 


1.649 


1.921 


2.226 2.1(90 


2.812 


.g.32Ti6Ai 


3q 


. .?.._Q53.. 


62 


..2I3_J 


.511 


.738 


.977 


1.214 


1.465 


1.716 


1.987 2.241 


2.519 


C32T21L 


40 


1.375 


S2 


,416 


.765 


1.117 


1.464 


1.825 


2.165 


2.575 


2,917 


_ 




G32T2?L 


3fa 


0.^75 


54 


.116 


.224 


.326 


.430 


.533 


.638 










C32T26L 
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0.87'j 


62 


.072 


,1^4 


.m-i 


.258 


.322 


.387 


.449 


.513 
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■Hifalues represent maximum deflection at midspan 
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WORLD TRADE CENTER TRUSSES 
CiZTI THRU C32TI3 

DEFLECTION PER 1000 LBS. 
TOTAL LOAD 


TRUSSES* 


DEFL. 


C32TS 


.058" 


C32TS, C32TI2, C32TI3 


.too" 


C32T2 


,200" 


C32T7, C32T8 


.234" 


C32T3,C32T9 


.244" 


C32TI 


,259" 


C32T4, C32T10, C32TII 


.344" 




THE OVERALL LENGTH 
Of THE VARIOUS TRUSS- 
ES ARE AS FOLLOWS* 



C:32T5.e.l2.l3 
C32T3,4,S, 10,11 
C32TI, 2,7,8 



35'-S" 

sr-io" 

S»L»" 



1000 



2000 3000 4000 5000 8000 

TOTAL LOAD (2P) IN POUNDS 



7000 



8000 
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NOTES 



(1) There are three different lengths of trusses tested. These 
three lengths are shown below along with the mark numbers 
Of the trusses which have that particular length. 

59'9" 58'11" 35'8" 



C32T1A 


C32T3 
C32T4 


C32T5 


C32T2A 


C32T6 


C32T7A 


C32T9 


C32T12 


C32T8a 


C32'riO 


C32T13 


C32T14aL 


C32T11 


C32T23L 


C32T16aL 


C32T21L 


C32T26L 



(2) Refer to this test ntimber to obtain more information about 
the truss and the test results, 

(3) Refer to S.H.C.R. drawing number 7-AB1-54 dated 2-15-68 and 
revised 11-25-68 which gives the camber at mldspan for each 
type of 32" truss, 

(4) Refer to Laclede Contract ^0-221.00 (October ^ I967) pages 
TFl-2, 3) 4 and 21, Design loads were not given for trusses 
C32T14AL, 16aL, 21Lj 23L and 26l. Their design loads via re 
obtained from Gene Chorny of S,H,C.R. 

(5) Two equalj concentrated loads were applied to each truss. 
Each load was applied at a panel point. The target load 
shown in the Table on page one is the magnitude of each 
applied concentrated load; the total load on the truss 
would be double this value. This target load is not the 
actual load at vrhich the deflection listed belovf it occurs 
because the load cell reading in pounds does not equal the 
load applied to the truss by each hydraulic jack. The 
target load is very close to the actual load and is used 
for clarity in the table. The corresponding actual load 
for each target load is as follows: 



Target Load 


Ac,tual Load 


500 


499.8 


1000 


999.6 
1499.8 


1500 


2000 


1999-2 
2499,0 


2500 


3000 


2998,8 
3498,6 


3500 
4000 


3998.4 
4498.2 


4500 


5000 


4998,0 



For inform.ation on' testing procedures, equipment used and 
positioning of loads for each truss, refer to Flexural 
Test Sheets Nos. 23 thru 4o. 
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CC: P^. 0. Bay 

J. R. Paul 

September 7, 1967 

A, C. WEBER 

WORLD TRADE CENTER 
SHEAR KNUCKLE TEST 

Enclosed are Sheets 1 and 2 dated September 7, 1967, 

Sheet 1 of 2 givea the results o£ traneverec loading of shear 
knuckles. Lightweisht concrete similar to the type to be used 
on the World Trade Center was used tn this test. Specimen i2 
(compressive strength of 2600 psi at 27 days) failed at 30,100tf. 
Support brackets were not used on this test and rotation of the 
slabs obviously lowered the ultimate capacity. Specimen #1 had 
a 6 day compressive strengtb of 1330# and a total shear capacity 
of 37,070if., The side slabs were restrained from rotation on 
Specimen ifl. The average shear transfer per knuckle for the two 
tests was 15,800^. 

Sheet 2 of 2 gives the results of longitudinal loading of shear 
knuckles. Standard concrete (average strength of 3S00 psl> was 
used in this test. Tne average maximum load resisted by five 
specimens was 55,230# or 27,615#/8hear knuckle. 

J. R, Paul 
aak 
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l^cS^ b^e/^ ^>mA.a^n^ 



S^ ^^. o^^kfcjs^ €3/0/ August 10, 196? 



Hr. Wayne Brevfer 

Skilllng, Helle, Christiansen 

and Eobertson 
230 Park Avenue 
New York, Wew York IOOI7 



Dear Wayne ; 



Shear Connectors 

World Trade Center Floor Trusses 



We are sorry that you could not get to St. Louis last Tuesday 
to witness some of the testing on the shear members and the 
application of tlie fireproof ing to the painted open web trusses, 

I presume Jim White has told you about the application of the 
insulating material on the Joists which apparently worked very 
well. 

In our conversation with the plastering contractor who handled 
the test application and the representatives of the Zonollte 
Division of the W, R. Grace Company, it seems that the loss 
because of the round webs was far less than they anticipated 
and total loss of material with the system as they applied It 
would be under 155t. This application Involves less material 
than a solid section of the same dimensions and is no different 
from angle or structural section trusses attempted previously. 

For your information, on the shear member testing we have 
averaged the bearing values for the shear members with 2,850 psi 
concrete and find that a 28,8lO# average value has been obtained 
with some running as high as 33,000#. This is well over the 
17 kips we discussed and since the bearing of the shear members 
is solely a function of the concrete compressive strength, the 
3,000# material you have specified for the World Trade Center 
towers should find excellent transference of top chord compression 
stresses to the floor slab. Or, one of the tests witnessed by 
Jim White of a six-day concrete with a strength of only 1,330 psl 
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DE Steel Company 



Mr . Wayne Brewer 
Skllllng, Helle, Christiansen 
and Robertson 



Page 2 



August 10, 1967 



the loading across or normal to the shear members developed a 
18,500]* average value for shear connector bearing. 

One of these specimens is being retained to 28 day strength 
although we are not too sure that the very lightweight mix will 
be developing much more than 1,800# to 2,000jf in the concrete. 

Dr. Galambos at Washington University who has been performing 
the Steel Joist Institute composite joist and truss tests, has 
told us, and I believe confirmed this to Jim White, that 
approximately the same shear value for the Laclede extended web 
connectors could be expected in all directions when the shear 
connector is attached in a normal concrete top slab. This means 
with the 3,000# concrete we could expect a 28 kips transference 
value across, as well as In line with the extended web panel 
point shear member. 

As an aside, I believe tr. Galainbos told Jim VJhite that in his 
tests he has had no measurable stress In the steel top chords 
of Laclede Joists and trusses indicating that the shear members 
have been sufficiently good to take all the compression in the 
concrete top slab of the composite design. 

We hope to be hearing from you shortly regarding sizing of 
members and the design of transverse trusses In the tower corners 
where it seems likely that shear members may be limited as you 
had planned it, to the primary floor trusses with transverse 
trusses furnished without extended web panel points . 

Yours very truly, 

STEEL COMPANY 



ACW:pjz 




mmk^ 



At Carl Weber 
ce President 



;-r, Jitt itiiite 

^klllln^, itell«i Christiansen ana Kot»«rtttut. 

;ir. Lester Peld 

Port of lieH York Authority 
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SKILLING -HELLE-CHRISTIANSEN - ROBERTSON 

ConSuUlngSiructuriil and Civil Engineers • ZiO Park Avenue, New York, N. Y. 10017 ■ Mu. O-SSJt 
John B. Skating • Helge ]. Helle • John. V. Chrisiiamen ■ Lcdis E, Robertson 

Ccnsitftants 
April 19, 1968 UarM LAV^nhingtan 

Joiefth F. Jachmi 



Mr. R. M, Monti 

Port of New York Authority 

Office of the Cons cruet ion 

Manager - Room 1119 
30 Church Street 
New York, New York 10007 

Reference: The World Trade Center 

Contract WTC-221.00, Laclede 
Load Tests 

Dear Ray: 

Attached are load test sketches IBV and IBH dated 4/16/68, prepared by 
Laclede Steel Company. 

The test pieces and procedures Indicated on these sketches are acceptable 
for use in tests to establish the strength of the 24T to C32T truss 
connections, subject to the following additional requirements: 

Sketch IBV 



1, C32T top chords 7"+ apart, 

2, Tests be conducted with weld X of l/4"x3", 5/16"k3" and 3/8"x3". 

3, Two sets of tests to be conducted - 

a. with "knuckle" restrained as shown on IBV. (SHCR feels that 
a load cell can be substituted for the restraint shown, if 
practical. J 

b, without "knuckle" restrained. This will allow evaluation of 
the joint strength for the construction loading conditions. 

WAVNC Jk. BKtVt^H 
r. *. A, r«tTCfl 
FRANK HOCLTLHKQFr 
NQBCItT Z. LIVIIH 
V, ^, miflADCKT 
KENT H . HDAtR* 
CKAKLCS tAMDUtKV 
WII.LIAM D. WAHO 
C, J. WKITI, JK. 
1.0RKKTA tr WIDTHC 

ICATTtE OFfrcCi IFJO WA»hln(^TDH BUILOINC, fKATTLE. V^AlHthGTOh «aio1 

WTCI-87-1 
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SKiLLING-HELLE-CHRlSTIANSEN - ROB ERTSON 
He. R, M, Monti April 19, 1968 

Sketch IBH 

1. Tests to be conducted with weld X of l/'i"x3", 5/16"x3" and 3/8"x3". 

2. Load to be applied 1/2" from top of angle (center of gravity). 

3. Support of C32T web members close to top chord, as shown on IBH, 
will require test results to be adjusted for the flexibility of 
these web members. We understand that this support location is 
limited by the test machine size. This location of the support 
will, however, allow an evaluation of the lateral bending of the 
vertical leg of C32T top chord angle, and Is therefore acceptable. 

Except for weld X sizes to be tested, these additional requirements were 
discussed with Carl Weber by telephone on 4/18/68. Information in boxes 
on IBV and IBH was added by SHCR, 

Very truly yours, 

SKILLIKG, HELLE, CHRISTIANSEN, ROBERTSON 

Wayne A. Brewer 

WAB:s 

Cc; Messrs. A. C. Weber, B. Bay, Laclede 

Mr. L. S. Feld, PNYA 

Mr. A. J. Guttentag, TRCC 

Enclosure 
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CC: T, M. Chura 

D. B. Neptune 
Pile Copy 

March L8., 1969 

R. D, MY 

RE: TESTS FOR BEARING CAPACITY 

0? WORLD TRADE CEMTER TRUSSES 

The attached sheets summarize the tests conducted Friday, March 7 
at the Madison plant. These tests are broken down into two groups. 
Group No. 1 consists of seven (7) tests on various bearing ends of 
scrapped trusses to determine the bearing capacity of our World 
Trade Center trusses. The results of these tests are on page one 
while a general sketch of how the bearing end was tested is shown 
on page three (Figure 1) . The following is a summary of the test 
results: 

1. Only one test resulted in a broken weld and this 
was at a load i8k greater than the load which caused 
the initial bending of the angles. 

2. Using a 2" plate instead of a 4" plate for the 
bearing surface results in a more critical loading 
condition and an earlier angle deformation. 

3. The core end withstands a greater load before 
failure than the column end. This can probably be 
attributed to a smaller L/R ratio and a more compact 
section. 

k. Arc welding the bottom of the vertical VI strut 
decreases the possibility of a vie id failure. The 
failure which occurs is then a failure of the bearing 
angle which begins to deform noticeably at aporoxi- 
mately 30K. 

Group No. 2 consists of four (4) tests on bearing ends having only 
arc welding Joining the web and angles together; i.e., no resistance 
welding was used. The purpose of these tests was to determine the 
strength of repaired bearing ends that would be welded onto our 
trusses at the Jobsite. Two types of tests were performed. The 
first type of test shown in Figure 2-Aj page 4 tested the capacity 
of the end as a unit. The second type of test shown in Figure 2-B, 
page 4 tested the strength of each joint in the bearing end. The 
results of these tests seiem to indicate that those bearing ends arc 
welded to the trusses at the jobsite will be strong enough to sup- 
port the required load if the welding is performed by a qualified 
welder under good supervision. 



David B. Neptune 
ds 
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SKILLING, HELLE, CHRISTIANSEN, ROBERTSON 

Ctmstiltiitii Siructtirtil <iii</ Ciril lOjijiiicers • 2)0 I'lirk Avenue, New Vorfc. N. Y. 10017 - Mu, 9 8874 

fnhtt B. Skillinj; • tkl^t; j. lldle • John V.CIiristiaitsett • Leslie E. Robertson 



Hoveniber 3, 1969 
File: WIC-235C 



Mr. Lester S. Fcld 

Port of New York Authority 

World Trade Center Planning 

111 Eighth Avenue 

New York, New York 10011 



Mtintiger 
Wdyn* A. Bttwer 

Ooti^iltctnU 
lostph I-. foclion 



Reference: The World Trade Center 

Contract WTC-23S.00, Bethlehem Fabricators 

Stud Shear Connector Capacity with Roliform Type "fl" Steel Beck 

Dear Lester: 

At your request, we are forwarding to your attention the following infomstlon 
regarding a test program to establish the capacity of 3/4 inch diameter by 
ftSj inch long stud shear connectors when welded through the valleys of Roliform 
Type "B" steel deck. 

Two 15 foot long test beams conforming to Attachment $1 are required. During 
the testing operation, the load -deflect Ion and load-slip behavior for each 
beam should be determined using three (3) 0.001 dial g^ges and eight (8) SR-4 
type A-1 strain gages in accord with Attachment t2. 

Load should be applied in 4 kip incremente and readings at all gages should be 
recorded before the next increment of load Is applied. 

Six 4'-3" long pushout specimens are required in accord with Attachment 92, 
four (4) with steel deck and two (2) with solid slabs. The load-slip behavior 
of each specimen should be determined by using two (2) 0.001 inch dial gages, 
one for each pushout slab. Dial gages should be mounted as shown in Attachment 
#2, and readings should be recorded for each 4 kip increment of loading. 

Lightweight concrete required for the test specimens and test cylinders will 
amount to approximately 85 cubic feet. We recommend use of Nytrallte lightweight 
aggregate. Master Builders Pozzolttli lOOR and MBVR, and Type III (high-early) 
cetnent of tlie brand on hand at the local ready mix concrete source chosen to supply 
the 110 pound (air dry weight)f 'c - 3000 psl concrete for the test specimen*. 



-CNT A. HOCr 
CHAALCft A, ^.LtaOUt 



,1 L. W4D 



MICHAHe CHAUHCn 
tRHCV, T. LIU 
JOVTCIH HC* 
V. ^, rA1BAI>Brt* 
HAAOCD D, wa^T 
HK^HAnoCTAVLDH 



1EATT1.F 0> 



« H 4 H C T O .^ 



I.4ZTOH bAIVI 
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SKILLING-HELLE-CHRISTIANSEN - ROBERTSON 

Port of New York Authority 

Attention: Mr. Lester Fuld -2- Hovember 3, 1969 

The recommended concrete mix Is as follows: 

Cement (Type III) 540 it 

Sand* 1275 « 
Lightweight Aggregate** 900 # 

(3/4" to #4) 

Admixture Pozzollth lOOR 24 oz, 

KaVR 3 to 5 oz. 
Water 36 gallons 

Air Content 6 per cent 

* Natural sand, fineness modulus 2,40 to 2.70, specific gravity of 2.65 assumed. 
** Nytrallte aggregate, specific gravity of 1,45 assumed. 

Baaed on the above, a mlnimura of 3000 pounds of Nytrallte aggregate will be required. 
Barring unforeseen events, Hytrallte could provide aggregate at the teat location 
upon three (3) days notice. Pozzollth lOOR and MBVR are available upon a notice of 
one or two days. 

Regarding concrete test cylinders, the following number of cylinders shotlld be 
provided for each batch of concrete used to fabricate puahout and beam test specimens: 

A - 6 K 12 cylinders - test at three (3) days ■ 

4 - 6 X 12 cylinders - test at seven (7) days 

4 - 6 X 12 cylinders - test on day of pushout testa 

4 - 6 X IZ cylinders - tensile splitting tests per ASTM-A496 

2 - 6 X 12 cyllnders-alr dry weight-cure seven (7) days moist, then dry 
21 days at 73.4±2 degrees fahrenhelt, 50 ± 2 percent humidity. 

Regarding mechanical properties of the 12WF 27 test beam members, two tensile 
coupons should be taken from the bottom flange of each test beam centered from 
the veb and centered ots the quarter span point. Two tensile coupons should he 
taken from the web of each test beam at mld-helght of the web, with one coupon 
centered on the quarter point of each beam. The test coupons should conform to 
ASTM A307, Figure 4, and should be longitudinal specimens. 

Mechanical properties of four (4) 3/4 Inch diameter by 4 1/Z Inch long stud shear 
connectors should be determined In accord with AWS Dl.0-69, Section 430. 

The remaining specifics regarding fabrication and testing of materials and stud 
shear connector test specimens can be finalized at meetings with the Bethlehem 
Fabricators and the personnel at the testing facility. 

Very truly yours, 
..SKILLING, HELLE, CHRISTIANSEN, ROBERTSON 

— tJames White 
JU:ans 
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CONFORMED COPY 



January 6, 1970 



Fritz Engineering Laboratory 

Lehigh University 

Bethlehem, Pennsylvania 18015 

Attention; Professor Roger G. Slutter 

Chairinan, Operations Division 

Re: THE WORLD TRADE CENTER - Contract WTC-721.00 
Laboratory Services - Stud Shear Connector 
Capacity with Roll Form Type "B" Steel Deck 



Gentl 

1. The undersigned. The Port of New York Authority (herein- 
after called the "Authority") hereby offers to retain the Fritz 
Engineering Laboratory (hereinafter called the "Laboratory") to perform 
stud shear connector capacity tests using Roll Form Type "B" steel deck 
for The World Trade Center being constructed by the Authority In Ne« 
York City Including: 

A. All tests as outlined In the attached letter 
of November 3, 1969 from Mr. James White of 
Skllllng, Helle, Christiansen, Robertson to 
our Mr. Lester S. Feld. 

B. Supervision of installation of deck and studs 
on steel specimens. 

C. Furnishing of concrete forms, reinforcing steel. 
Type III Cement, sand and water for all concrete 
slabs and specimens, 

D. Casting and curing of concrete slabs and specimens. 

E. Submittal of sIk (6) copies of the Test Report to 

the Authority Lo the attention of Mr. Malcolm P, Levy, 
Chief of Planning and Construction Division, The 
yorld Trade Center, Room 300, ill Eighth Avenue, 
New York, New York lOOH, 
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Frit! Engineering LuboruLory - 2 - January 6, 1970 



II, The Authority has arranged for the following Items to 
be furnished by others and delivered to the Laboratory by November 19, 
1969: 

A. Two (2) 15 foot long test beams with steel 
deck and studs installed by others prior to 
delivery, 

B. Four (4) 4 '-3" long pushout specimens with 
steel deck and studs installed on both flanges 
by others prior to delivery. 

C. Two (2) 4'-3" long puahout specimeno with 
studs installed on both flanges by others 
prior to delivery. 

D. Approximately 3000 pounds of Nytrellte Light- 
weight Aggregate. 

E. Approximately two gallons of Master Builders 
Pozzollth lOOR and MBVR for use as admixture. 

III. As full compensation for the performance of all your 
obligations herein, the Authority agrees to pay the Laboratory the sum 
of the following amounts: 

(a) A unit price of $2000.00 per 15 foot beam 
test for each of the two beam tests required. 

(b) A unit price of $400 per pushout tests foT 
each of the six required pushout tests. 

The Laboratory shall not perform any services beyond the 
point at which the total payments to be made hereunder exceeds $6400.00, 
unless expressly authorized by the Director to perform such services in 
a writing which expressly recognizes that said amount o£ $6400.00 will 
be exceeded. In the event said writing specifies a maximum total amount 
for services hereunder, this Agreement shall be deemed amended to sub- 
stitute said amount for the aforesaid amount of $6400.00. 

IV, Within 15 days after the receipt from the Laboratory of 
the Test Report, the Director will estimate and certify to the Authority 
the amount of compensation due to the Laboratory. The Authority will 
within fifteen (15) days after the date of such certification of the 
Director advance to the Laboratory, by check, the sum certified. 

V. No certificate or payment shall at any time preclude the 
Port Authority from showing that such certificate or payment was Incor- 
rect or from recovering any money paid tn excess of that lawfully due. 

VI, The Laboratory shall not issue or permit to be issued 
any releases, advertisemcints , or literature of any kind which refer to 
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the services performed hereunder, unless you first obtain the written 
approval of tbe Authority. Such approval may be withheld if for any 
reason the Director, in his sole discretion, believes that the 
publication of such tnfonmation may be harmful to the public interest 
or in any way whatsoever undesirable. 

VII. The Laboratory shall promptly and fully Inform the 
Director of any patents or disputes, whether existing or potential, 
of which you hove knowledge, relating to any Idea, design, method, 
materials, equipment, or other matter involved In the services hereunder. 

VIII. All drawings, specifications, reports, computations, 
records, data, charts, documents or other papers, or any type whatso- 
ever, whether in form of writing, figures or delineations, which are 
prepared by the Laboratory at any time, either prior or subsequent to 
signature of this Agreement, by the Authority, its Commissioners, 
officers, agents or employees. Is not given in confidence and may be 
used or disclosed by or on behalf of the Authority without liability 
of any kind, 

IX, All Information of any nature whatsoever which Is in 
any way connected with the services performed in connection with this 
Agreement, regardless of the form of communication which has be«n or 
may be received from the Laboratory at any time, either prior or 
subsequent to signature of this Agreement, by the Authority, its 
Coirinlsetoners, officers, agenta or employees, is not given In confidence 
and may be used or disclosed by or on behalf of the Authority without 
liability of any kind. 

X, Under no circumstances shall the Laboratory communicate 
in any way with any department, board, agency, commission, or other 
organization whether governmental or private in connection with the 
services to be performed hereunder except upon prior written approval 
and instructions of the Director provided, however, that data from man- 
ufacturers and suppliers of materials shall be obtained by you when and 
as you find such data necessary, unless otherwise instructed by the 
Director. 

XI. This Agreement being based upon your special qualifica- 
tions for the services herein contemplated, any assignment or other 
transfer of this Agreement or of any part hereof or of any monies due 
or to become due hereunder without the expresa consent in writing of the 
Director shall be void and of no effect as to the Authority. 

XII. The Director, at his option, may, at any time, and with 
or without cause, terminate this Agruement as to any services hot yet 
rendered. The Laboratory shall have no right of termination as to 
services under this Agreement without Just cause. Termination by either 
party shall be by registered letter addressed to the other at its 
address hereinbefore set forth. Should this Agreement be ao terminated, 
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the Laboratory shall receive no compensation for any aervices not 
performed, and the Laboratory shall be paid as lull compenaation for 
services performed an amount computed as above set forth, 

XIII. This Agreement shall be effective as of November 14, 
1969. All of the services hereunder shall be performed as expeditiously 
as possible. The services shall in any case be completed on or about 
February 1, 1970. Time is of the essence of performance of all your 
services under this Agreement. 

Any services performed for the benefit of the Authority 
by the Laboratory at any time. If expressly and duly authorized by the 
Director, shall be deemed to be rendered under and subject to this 
Agreement (unless referrable to another express, written, duly executed 
agreement) , and no rights or obligations shall arise out of such services 
except as may be provided for under this Agreement. 

XIV, The entire Agreement between us le contained herein and 
no change in or modification, termination or discharge of this Agree- 
ment Ici any form whatsoever shall be valid or enforceable unless It Is 
In writing and signed by the party to be charged therewith in the manner 
hereinbefore expressly provided shall be effective as bo provided. 

If the foregoing meets with your approval, please Indicate 
your acceptance by signing the enclosed copy of this letter In the 
lower left-hand corner and returning it to the attention of 
Mr. Malcolm P. Levy, Chief, Planning and Construction Division, The 
World Trade Center, Room 300, ill Eighth Avenue, New York, New York 10011. 

Very truly yours, 

THE PORT OF NEW YORK AtJTHORITY 

Guy F. Tozzoll, Director 
World Trade Department 



FRITZ ENGINEERING LABORATORY 
LEHIGH UNIVERSITY 

Title J>/fiec^A^ Ope/^<i7?0A /< J^i//im/ 

Dat e J'/IJ^UJi&y'^/^/fyO 
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